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The removal and fate of contaminants of emerging concern (CECs) in water treatment 
systems is of interest given the widespread occurrence of CECs in water supplies. 
Biofiltration, which granular media filters are inhabited by viable bacteria, has the potential 
of providing long-term, sustainable CECs removal in drinking water treatment. Bacterial 
communities in biofilters can be beneficial through biodegradation of contaminants but 
also pose potential risks by harboring and releasing detrimental microbes into water 
distribution systems. In this work, the removal of eight CECs, including atenolol, atrazine, 
carbamazepine, fluoxetine, gemfibrozil, metolachlor, sulfamethoxazole and tris(2-
chloroethyl) phosphate, was investigated in pilot-scale granular activated carbon (GAC)-
sand and anthracite-sand biofilters. The effects of water quality and engineering decisions 
on the biofilter microbiome and the effect of biofilters on the microbiome in filter effluent 
were evaluated in the aforementioned pilot-scale biofilters. In addition, the geographic 
patterns of the biofilter microbiome were investigated by sampling filter media from full-
scale biofilters at fourteen treatment plants throughout North America. The CECs 
concentrations in the filter influent and effluent were determined using liquid 
chromatograph tandem mass spectrometry, and the bacterial abundance and community 
composition in the biofilters were determined using real-time quantitative polymerase 
chain reaction (qPCR) and Illumina HiSeq high-throughput sequencing of PCR amplicons. 
GAC-sand biofilters provided superior CECs removal for all compounds (mean removal 




efficiencies: 0-66.1%) due to a combination of adsorption and biodegradation. Adsorption 
was determined to be the dominant removal mechanism for most selected CECs in GAC-
sand biofilters. A multiple linear regression based empirical relationship considering water 
quality, engineering decisions, and CECs chemical properties was developed to predict 
CECs removal in the GAC-sand biofilters. The microbiome in the pilot-scale and full-scale 
biofilters contained genera that are commonly found in the freshwater environments and 
water distribution systems, such as Limnohabitans, Flavobacterium, Nitrospira, and, 
Hydrogenophaga. The microbiome in the pilot-scale biofilters exhibited temporal 
variations, and varied with media type (GAC vs. anthracite), backwash strategy 
(chloraminated vs. non-chloraminated), and bed depth. The pilot-scale biofilters effectively 
removed biomass (~70%) from the water, but only marginally impacted the microbiome in 
the filter effluent. Significant inter-filter variations were observed in the full-scale biofilter 
investigation that followed a weak but highly significant distance-decay relationship. The 
water quality characteristics exhibited a stronger influence on the microbiomes in the full-
scale biofilters than the geographic distance according to a multiple regression on matrix 
analysis. Nitrosomonas oligotropha-like ammonia oxidizing bacteria (AOB) were 
generally more abundant than ammonia oxidizing archaea in the full-scale and pilot-scale 
biofilters. The ratios of nitrite oxidizing bacteria to AOB exceeded the theoretical ratio for 
conventional two step nitrification in most full-scale biofilters (12 of 14 biofilters) and in 
the pilot-scale biofilters for most of the operation. This work should be beneficial to 




biofilters, as well as to environmental engineers and scientists in understanding the 
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Anthropogenic activities have resulted in the intentional and unintentional release of 
contaminants to waters that serve as drinking water sources. Contaminants of emerging 
concern (CECs) are defined as a group of synthetic or naturally occurring chemicals that 
have been only recently detected in the environment using advanced analytical methods, 
such as liquid chromatography tandem mass spectrometry. CECs include a wide variety of 
chemical classes, such as insecticides and herbicides, pharmaceuticals and personal care 
products, and industrial and commercial chemicals, and have very different chemical 
structures, polarities, biodegradabilities and molecular weights. Concentrations of CECs in 
surface water supplies commonly range from 1 to 1000 ng/L [1]. Some CECs are persistent 
in drinking water treatment systems and have been detected in the finished water [2], which 
may have adverse effects on human health and negative consequences in terms of public 
perception. 
 
There are some options to remove CECs in water treatment. Powder and granular activated 
carbon (PAC and GAC) have been used for sorption of CECs [3, 4]. Advanced oxidation 
processes (AOPs, including ozonation and UV) and membrane filtration (e.g., 
nanofiltration and reverse osmosis) are capable of degradation and rejection various CECs 




normally cost/energy intensive and require additional procedures to maintain the removal 
efficiencies (e.g., membrane cleaning for fouling control). Biofiltration, in which granular 
media filters are inhabited by viable microorganisms, has the potential of providing long-
term, sustainable CECs removal in drinking water treatment with reasonable cost and 
energy consumption. This process has been used to remove natural organic matter [8, 9], 
taste-and-odor compounds [10] and other trace organic contaminants [11] via 
biodegradation. Biofiltration is not a new concept, because biofilters operated at low 
filtration rates, termed slow sand filters, have been used for water treatment since the 1800s 
[12]. Certainly, biodegradation alone may not be able to treat all dissolved contaminants, 
because some contaminants may be recalcitrant or biodegraded at a rate too slow to be 
removed in the relatively short hydraulic residence time of a rapid biofilter. Thus, 
biological treatment in a GAC filter is advantageous in that it provides the dual benefit of 
sorption and biodegradation. 
 
The bacterial community on biofilter media can be beneficial in removing various 
contaminants through biodegradation. As a part of the source-to-tap microbiome, however, 
this community may also pose potential risks by harboring and releasing detrimental 
microbes into water distribution systems. There were a few studies concerning the bacterial 
community in biofilters. Bacteria like Alphaproteobacteria, Gamaproteobacteria, 
Nitrospira (class level) were consistently detected in full-scale biofilters [13, 14]. The 
bacterial community on filter media exhibited temporal variations and may help shaping 




understanding of the variations and dynamics in biofilter microbiome is still in need as it 
may help improve biofilter performance and manage potential risks. Furthermore, it 
answers the ecological question of nurture versus nature. Namely, which factors have a 
stronger influence on the bacterial communities that develop in engineered biofilters, 
‘nature’ factors such as the source water microbiome and water quality, or engineering 
decisions (i.e., ‘nurture’ factors) such as the choice of filter media, backwash conditions, 
and prefiltration treatment operations. 
 
The three main objectives of this work were as follows: (1) determine the ability of 
biofilters to remove eight selected CECs; (2) evaluate the dynamics and effects of water 
quality and operating conditions on the microbiome in biofilters, and the impact of 
biofilters on the microbiome in filter effluent; and (3) investigate biogeographic patterns 
of the microbiome in full-scale biofilters across North America. The research entailed 
operation of eight pilot-scale biofilters in parallel for over 18 months at a full-scale water 
treatment plant. Six biofilters (three GAC-sand and three anthracite-sand) were fed a 
cocktail of eight CECs and two additional GAC-sand biofilters were operated without 
CECs dosing. In addition, media from full-scale biofilters at fourteen water treatment 
plants throughout North America was sampled to characterize their microbiomes.  
 
In Chapter 2, the removal of eight CECs, including atenolol, atrazine, carbamazepine, 
fluoxetine, gemfibrozil, metolachlor, sulfamethoxazole, and tris(2-chloroethyl) phosphate, 




contribution of sorption and biodegradation in the GAC-sand biofilters was determined by 
using the anthracite-sand biofilters as non-sorptive controls (i.e., biodegradation only). The 
effects of hydraulic loading rate or empty bed contact time (EBCT), influent CECs 
concentration, and throughput were evaluated. Finally, a regression analysis was 
performed to develop an empirical relationship between CECs removal in GAC-sand 
biofilters and parameters that were likely to affect CECs removal, including biodegradation 
rates, EBCT, influent CECs concentration, charge of CECs, influent dissolved organic 
carbon (DOC) concentration, and water temperature. The results of this chapter have been 
published [11]. It is reproduced in part with permission from the publisher (2019 Elsevier). 
Dr. Raymond Hozalski and Dr. William Arnold contributed to the experimental design, 
method development, and interpretation of results.  
 
In Chapter 3, the dynamics and variations in the biofilter microbiome were investigated by 
sampling the aforementioned pilot-scale biofilters. The effect of water quality (e.g., 
temperature and DOC), bed depth, media type (GAC-sand vs. anthracite-sand), CECs 
addition, and backwash strategy (chloraminated vs. non-chloraminated) on bacterial 
abundance and community composition in the biofilter were determined. The bacterial 
abundance and community composition in the pre- and post-filtration water samples were 
also evaluated to determine the influence of biofilters on the microbiome in filter effluent. 
This chapter represents a draft manuscript that was prepared for submission to Microbiome 
journal. Dr. Raymond Hozalski and Dr. Timothy LaPara contributed to the experimental 





In Chapter 4, the bacterial abundance and community composition of full-scale biofilters 
at fourteen drinking water treatment facilities across North America were investigated to 
determine the effects of geographic location (i.e., inter-facility distance), contemporaneous 
water quality characteristics (e.g., pH, temperature, and influent DOC concentration), and 
engineering decisions (e.g., media type and prefiltration ozonation application) on the 
biofilter microbiomes. A multiple regression on matrix (MRM) analysis was performance 
to identify the relative importance of each abovementioned factor. This chapter represents 
a draft manuscript that was prepared for submission to the ISME journal. Dr. Raymond 
Hozalski and Dr. Timothy LaPara contributed to the experimental design, method 
development and interpretation of results. Ashely Evans coordinated the sample collection 
and provided the water quality data. 
 
In Chapter 5, the abundance of nitrifying microorganisms, including ammonia oxidizing 
bacteria (AOB) and archaea (AOA), and nitrite oxidizing bacteria (NOB), was investigated 
in the aforementioned full-scale and pilot-scale biofilters. Nitrifying microorganisms are 
of interest because they indicate nitrification potentials of the biofilters. Furthermore, the 
presence of nitrifying microorganisms in the biofilters may lead to chloramine decay in 
chloraminated water distribution systems if these microorganisms are shed from the 
biofilters into the filter effluent and survive the subsequent disinfection procedures [16, 
17]. The abundance of AOA and AOB were quantified by using real-time quantitative 




(amoA) gene in archaea and bacteria, respectively. The composition of nitrifying bacterial 
communities was investigated by sequencing the V3 region of the 16S rRNA gene on the 
Illumina HiSeq platform. The potential biases of qPCR assays were evaluated by 
comparing the qPCR results and DNA sequencing results. Finally, the ratio of NOB to 
AOB were investigated. This chapter represents a draft manuscript that was prepared for 
submission to Applied and Environmental Microbiology journal. Dr. Raymond Hozalski 
and Dr. Timothy LaPara contributed to the experimental design, method development and 
interpretation of results.  
 
Taken as a whole, this thesis provides comprehensive investigation of the CECs removal 
and the microbiome in biofilters, which should be beneficial to drinking water treatment 
facilities in improving CECs removal performance using biofilters, as well as to 
environmental engineers and scientists in understanding the microbiome in biofilters. The 








Chapter 2  
Investigation of the removal of contaminants of emerging concern in 
biofilters. 
 
The removal and fate of contaminants of emerging concern (CECs) in water treatment 
systems is of interest given the widespread occurrence of CECs in water supplies and 
increase in direct potable reuse of wastewater. In this chapter, CECs removal was 
investigated in pilot-scale biologically-active granular activated carbon (GAC)-sand and 
anthracite-sand filters under different hydraulic loading rates and influent CECs 
concentrations over a 15-month period. Eight of the most commonly detected compounds 
in a survey of CECs occurrence in drinking water were selected for this study: atenolol, 
atrazine, carbamazepine, fluoxetine, gemfibrozil, metolachlor, sulfamethoxazole and 
tris(2-chloroethyl) phosphate (TCEP). GAC-sand biofilters provided superior CECs 
removal for all compounds (mean removal efficiencies: 49.1-94.4%) compared to 
anthracite-sand biofilters (mean removal efficiencies: 0-66.1%) due to a combination of 
adsorption and biodegradation. Adsorption was determined to be the dominant removal 
mechanism for most selected CECs, except fluoxetine, which had the greatest 
biodegradation rate constant (0.93±0.15 min-1 at 20-28 oC). The mean removal efficiency 
decreased by 16.5 % when the loading rate increased from 2 to 4 gpm/ft2 (4.88 to 9.76 m/h). 
A significant reduction in CECs removal was observed after 100,000 bed volumes when 




was observed during spike dosing (1000-3000 ng/L). A regression analysis suggested that 
biodegradation rate, hydraulic loading rate, influent CECs concentration, throughput, 
influent dissolved organic carbon (DOC) concentration, and CEC charge are important 





2.1  Introduction 
  
Contaminants of emerging concern (CECs) include a wide variety of chemical classes, 
such as insecticides and herbicides, pharmaceuticals and personal care products, and 
industrial and commercial chemicals. Based on a survey by Benotti et al. (2009), at least 
one CEC was detected in the source water of nineteen different U.S. drinking water utilities 
serving more than 28 million people. The CECs are present in source waters due to 
agricultural activity, industrial effluents, urban runoff, and municipal wastewater treatment 
plant effluent. It is not desirable to have these biologically-active compounds present in 
finished drinking water because there are possible adverse effects on human health and 
negative consequences in terms of public perception.  
 
Biofiltration, a process in which granular media filters are inhabited by viable bacteria, has 
been used for water treatment since the 1800s [12]. Innovative engineering is not required 
to establish a biofilter, because most granular media filters are presumed to be biologically 
active regardless of upstream disinfection. Previous studies demonstrated that biofilters not 
only effectively remove particles but also remove a wide range of dissolved contaminants 
including ozonation byproducts [9, 18], halogenated disinfection byproducts (e.g., 
haloacetic acids; Zhang et al., 2009), geosmin [10, 20], and methylisoborneol [20]. 
 
Certainly, biodegradation alone may not be able to treat all dissolved contaminants, 




CEC concentration in the short hydraulic residence time of a rapid biofilter. Thus, 
biological treatment in a granular activated carbon (GAC) filter is advantageous in that it 
provides the dual benefit of sorption and biodegradation. Furthermore, biological activity 
has been shown to substantially increase GAC bed life for some compounds, such as 
geosmin [10].  
 
There are a few reports in the literature concerning the removal of CECs in drinking water 
treatment biofilters [5, 21–24]. Conventional sand or anthracite-sand biofilters can achieve 
50-80% removal for biodegradable compounds, but little or no removal for compounds 
that typically are persistent in the environment (e.g., atrazine and carbamazepine) [21, 23, 
24]. GAC biofilters, however, provided more than 90% removal of atrazine and 
carbamazepine over the first 200 days of operation [22]. Despite this prior work, there are 
several important knowledge gaps including: (1) the relative roles of sorption and 
biodegradation in CEC removal by GAC-sand biofilters and (2) the performance of 
biofilters when operated for both filtration and CEC removal over a wide range of 
conditions, including different empty bed contact times (EBCTs) and/or influent CEC 
concentrations. In this study, six pilot-scale biofilters (three with GAC-sand and three with 
anthracite-sand) were operated in parallel for 15 months at a full-scale water treatment 
plant to (1) evaluate the CEC removal performance of GAC-sand biofilters; (2) determine 
the relative contributions of sorption and biodegradation; and (3) assess the influence of 





2.2  Methods 
 
2.2.1 Pilot-scale biofiltration system design and operation 
 
A pilot-scale biofiltration system (Figure 2-1) was constructed at the Minneapolis Water 
Treatment and Distribution services (MWTDS) Fridley facility, in Fridley, Minnesota, 
USA. MWTDS provides 57 million gallons per day (215,000 m3/day) of water to nearly 
a half-million customers in the city of Minneapolis and neighboring suburban 
communities. The Fridley facility treats the water by lime softening with coagulant 
addition, flocculation, primary sedimentation, recarbonation, secondary sedimentation, and 
anthracite-sand filtration. Water from the full-scale recarbonation chambers was used as 
the feed water for the pilot plant (Fig. 2-1). The pH of the water was adjusted to ~8.5 using 
hydrochloric acid and then ferric chloride was added as the primary coagulant at a dose of 
2 mg/L as Fe. The water was settled for 1 to 2 hours (depending on the loading rate) and 
then spiked with CECs before entering the biofilter columns. Photos and schematic 






Figure 2-1. Schematic diagram of the pilot-scale biofiltration system at MWTDS. (The 
diagram is not drawn to scale). 
 
 
Although eight biofilter columns were operated in parallel, only six biofilter columns are 
relevant for this chapter because the feed water to other two was not dosed with CECs.  
Each column was constructed from polycarbonate tubes (ID= 3.75 inches (9.53 cm), total 
height=144 inches (3.66 m)). Three columns were packed with 20 inches (0.51 m) of GAC 
(Calgon F300) over 10 inches (0.25 m) of sand and three columns were packed with 20 
inches (0.51 m) of anthracite over 10 inches (0.25 m) of sand. The three anthracite-sand 





The pilot-scale biofiltration system was operated for 19 months from July 2015 to January 
2017. The water temperature was not controlled and ranged from 3 to 28 oC. The filters 
were operated at hydraulic loading rates of 2 or 4 gpm/ft2 (4.88 or 9.76 m/h), which 
provided 8.4 min or 4.2 min of empty bed contact time (EBCT), respectively. Backwash 
was performed when the headloss was above 90% of the maximum value permitted by the 
system (60 inches (1.53 m)). The columns were backwashed using 1.3 scfm (36.8 L/min) 
of air for 5 minutes followed by 10 minutes of water wash at 15 gpm/ft2 (36.66 m/h) to 
achieve a 30% bed expansion.  
 
Environmentally relevant amounts of CECs (100-200 ng/L) were continuously dosed into 
the filter influent using a syringe pump (NE-1600, New Era Pump Systems, Inc.; 
Farmingdale, NY) starting October 2015. The biofilters also were challenged periodically 
with sudden increases in CECs concentration (1000-3000 ng/L) for 4-6 hours to investigate 
the potential for breakthrough under extreme contaminant loading conditions. The details 
of CEC dosing are provided in the Table B-1. A 222 factorial design was used, with two 
loading rates (2 or 4 gpm/ft2 (4.88 or 9.76 m/h)), two temperature ranges (low: 3 to 10 oC 
and high: 20 to 28 oC), and two CEC concentrations (low: 100 to 200 ng/L and high: 1000 
to 3000 ng/L). Six of the eight different sets of conditions were repeated for a total of 
fourteen sampling periods throughout the experiment, with two sampling events per period. 
The same columns were used continuously throughout the study and exposed to the 
different conditions sequentially as described in Table 2-1. A total of 616 samples were 





Filter influent samples were collected daily during weekdays and analyzed for temperature 
and pH. Pre- and post-filtration water samples were collected weekly for analysis of 
dissolved organic carbon (DOC) concentration. Biofilter media samples were collected 
monthly from the top layer of the biofilters for analysis of microbial activity.  
 
Table 2-1. Sampling schedule and operational conditions of the pilot-scale biofiltration 
system. Temperature: Low (3-10 oC); High (20-28 oC); Influent CECs concentration: Low 
(100-200 ng/L); High (1000-3000 ng/L). 
 







I 12/01/15-3/1/16 Low 2 Low 10286-21086 
II 3/2/16 & 3/8/16 Low 2 High 22886-24429 
III 3/9/16-3/31/16 Low 4 Low 33171-35229 
IV 4/1/16 & 4/5/16 Low 4 High 36771-38829 
V 6/29/16-7/14/16 High 2 Low 60686-62486 
VI 7/15/16 & 7/19/16 High 2 High 64800-65829 
VII 7/20/16-8/1/16 High 4 Low 68914-70971 
VIII 8/2/16 & 8/5/16 High 4 High 73029-74571 
IX 8/26/16-9/6/16 High 2 Low 79971-81514 
X 9/7/16 & 9/9/16 High 2 High 83057-83571 
XI 9/10/16-9/29/16 High 4 Low 89229-92829 
XII 9/30/16 & 10/5/16 High 4 High 94371-96942 
XIII 12/15/16-12/27/16 Low 2 Low 115200-116743 
XIV 12/28/16 & 1/3/16 Low 2 High 118543-120086 






2.2.2 CECs  
 
Eight CECs were selected for this study: atenolol, atrazine, carbamazepine, fluoxetine, 
gemfibrozil, metolachlor, sulfamethoxazole, and tris (2-chloroethly) phosphate (TCEP). 
Details concerning the supplier and purity of each compound are provided in the Table B-
2. These CECs were selected because they have been detected frequently in finished 
drinking water [1] and because they represent a wide range of uses and chemical 
characteristics. Aerobic biodegradation probabilities of the selected CECs were computed 
based on chemical structure using the MITI model [25] in BIOWIN6. The properties of the 




Table 2- 2. Chemical and biological properties of the selected CECs. 
 
Compound Use Molecular Formula Water solubility (mg/L)b log Dow (pH 8.5)a BIOWIN6c 
Charge behavior 
(pH 8.5) 
Atenolol Beta blocker C14H22N2O3 13300 -1.04 0.2349 Positive 
Atrazine Herbicide C8H14ClN5 34.7 2.61 0.0000 Neutral 
Carbamazepine Mood stabilizer C15H12N2O 112 2.45 0.0364 Neutral 
Fluoxetine Antidepressant C17H18F3NO 17.7 2.73 0.0000 Positive 
Gemfibrozil Lipid regulator C15H22O3 10000 0.77 0.6123 Negative 
Metolachlor Herbicide C15H22ClNO2 530 3.13 0.0153 Neutral 
Sulfamethoxazole Antibiotic C10H11N3O3S 610 -1.45 0.0060 Negative 
TCEP Flame retardant C6H12Cl3O4P 7820 1.44 0.0193 Neutral 
Note:  





in which Kow values are estimated using EPI SuiteTM (Temp: 20 oC). pKa values are estimated from ChemAxon. 
b. Water solubility are estimated using EPI SuiteTM WSKOW model. 
c. Biodegradability are estimated using EPI SuiteTM BIOWIN v4.10, MITI non-linear model. The values of BIOWIN6 represent 





2.2.3 Batch sorption experiments 
 
Batch sorption experiments were performed to determine the GAC sorption capacities for 
the CECs according to the procedure of Graham et al. (2000). Briefly, pre-combusted 
amber glass bottles were filled with 500 mL of carbonate-buffered (0.1 M) ultrapure water 
(pH 8.5) and then spiked with a cocktail of the target CECs (2 mg/L each). Activated carbon 
(AC) media was added into the bottles (0 to 312.5 mg AC/L) to initiate the adsorption 
experiment. The initial and equilibrium aqueous CEC concentrations were measured via 
high performance liquid chromatography (HPLC) with UV-Vis detection, except for 
TCEP, where liquid chromatography tandem mass spectrometry (LC-MS/MS) was used. 
Additional batch experiments were performed in a similar manner but with Mississippi 
River natural organic matter (NOM; International Humic Substances Society) added. The 
detailed experimental procedures and analytical methods are provided in the Appendix A. 
 
The data from the batch sorption tests were fit to the Langmuir isotherm model using non-
linear regression (IBM SPSS Statistics 22). When the aqueous concentration (C) is low, 
the Langmuir isotherm equation can be simplified to a linear isotherm as shown in Eq. 2-1 
(by assuming 1 + 𝐾𝑙 × 𝐶 ≅ 1): 
𝑞 =
𝐾𝑙 × 𝑞𝑚 × 𝐶
1 + 𝐾𝑙 × 𝐶
= 𝐾𝑑 × 𝐶                       (2 − 1) 
where: q is the amount of CECs sorbed on GAC media (mg CECs/mg AC), Kl is the 




is the aqueous CECs concentration, Kd is the carbon-water distribution coefficient (L/mg 
AC). 
 
2.2.4 Analytical methods 
 
The pH and temperature of the filter influent samples were measured using a HQ411D 
laboratory pH meter (Hach Company; Loveland, CO). The DOC concentration in the pre- 
and post-filtration water samples was determined according to EPA method 415.3 
(American Public Health Association, 1998). To assess microbial activity levels on the 
filter media, the adenosine triphosphate (ATP) concentration of was determined 
immediately after sample collection using LuminUltra test kits according to the 
manufacturer’s directions.  
 
For measurement of CECs, quadruplicate filter influent samples and triplicate effluent 
samples (500 mL) from each biofilter column were collected in pre-combusted amber glass 
bottles and transported on ice to the laboratory. Upon arrival, all samples were filtered 
through glass fiber filters (0.7 m) acidified to pH 2.0 with sulfuric acid, and then spiked 
with eight surrogate compounds (Table B-2) each at a concentration of 10 ng/L. To verify 
the relative recovery, one filter influent and one filter effluent sample from each column 
were spiked with 200 ng/L CECs as a matrix spike. Then, all samples were subjected to 
solid phase extraction (SPE) using 500 mg Oasis HLB cartridges following the protocol of 




cartridge, it was dried under vacuum (20 mmHg) for 150 seconds and eluted with 5 mL 
methanol followed by 5 mL 90% methyl tert-butyl ether / 10% methanol (v/v), and then 
the combined extracts were concentrated via nitrogen blowdown and solvent exchanged 
into 5 mM ammonium acetate solution (500 µL) for analysis via LC-MS/MS. LC-MS/MS 
method details are provided in the Appendix B.  
 
Identification of potential microbial transformation products predicted using the University 
of Minnesota Biocatalysis / Biodegradation Database Pathway Prediction System [29] was 
attempted using ion trap mass spectrometry following the protocol of Helbling et al. (2010) 
[30].  
 
2.2.5 Data analysis 
 
Biodegradation rate constants were calculated by assuming the biofilter column is a plug-







)                           (2 − 2)                                                 
where: kbio is the pseudo-first-order rate constant (min-1), 𝑡 =  𝜀 × 𝐸𝐵𝐶𝑇, is the hydraulic 
residence time (min) (ε=0.37, filter bed porosity), Ceff is the filter effluent concentration 





The cumulative absorbent-phase concentration (𝑞𝑐) for each CEC on the GAC media was 
calculated to assess the extent of bed capacity utilized over time. Because ATP 
concentrations on the filter media were similar for the GAC-sand and anthracite-sand 
biofilters (Fig. B-1), the contribution of biodegradation to CEC removal within the GAC-
sand biofilters was assumed to be the same as in the anthracite-sand biofilters. Thus, 𝑞𝑐 
was calculated by subtracting CECs removal in the anthracite-sand biofilters from the mass 
removed in the GAC-sand biofilters according to the approach of Scharf et al. (2010): 
𝑞𝑐 =
∑ 𝑄[(𝐶𝑖𝑛𝑓 − 𝐶𝑒𝑓𝑓_𝐺𝐴𝐶) − (𝐶𝑖𝑛𝑓 − 𝐶𝑒𝑓𝑓_𝐴𝑛𝑡ℎ)]𝑡
𝑀𝐺𝐴𝐶
                  (2 − 3) 
where: qc is the cumulative CEC concentration on the GAC media (ng CEC/g GAC), Q is 
the flow rate (L/min), MGAC is mass of GAC filter media (g), Cinf is the mean influent CEC 
concentration (ng/L), Ceff_GAC is the mean GAC-sand biofilter effluent CEC concentration 
(ng/L), Ceff_Anth is the mean anthracite-sand biofilter effluent CEC concentration, t is the 
biofilter operating time since CEC dosing began (min).  
 
The maximum sorption capacity of the GAC media in the biofilters (𝑞𝑒) was computed by 
inputting the biofilter influent CEC concentration into the sorption isotherm equation (Eq. 
2-1) for each CEC (𝑞𝑒 = 𝐾𝑑𝐶𝑖𝑛𝑓). The value of  𝑞𝑐/𝑞𝑒  was computed to represent the 
fraction of occupied sorption sites on the GAC media in the biofilters.  
 
The software program AdDesignS (Mertz et al., 1994), based on the pore and surface 




the GAC-sand biofilters over the course of the experiment. The isotherm parameters for 
the simulation were determined from the batch sorption experiments. Other parameters for 
the simulation were determined following AdDesignS manual recommendations (Mertz et 
al., 1994). 
 
The statistical software IBM SPSS Statistics 22 was used to perform all statistical analyses. 
Paired and unpaired one-tailed two-sample t-tests were used to determine if the effects of 
hydraulic loading rate and throughput were statistically significant. A One-tailed one-
sample t-test was used to determine if the mean of kbio was significantly greater than zero. 
Pearson’s correlation test was used to determine if a statistically significant correlation 
existed between kbio and BIOWIN6.  
 
2.2.6 Multiple linear regression analysis 
 
A multiple linear regression analysis was performed to develop an empirical relationship 
between GAC-sand biofilter performance and parameters that were likely to affect CECs 
removal. A total of 220 CECs removal efficiency values were used in the analysis (14 
sampling periods × 2 sampling events per period × 8 different CECs analyzed per sample, 
four removal efficiencies were excluded due to poor surrogate recovery). Operational and 
environmental factors that were likely to have a significant effect on CECs removal 
according to the literature [22, 31–33] were considered in the regression analysis: 




charge of CECs, influent DOC concentration and water temperature. The coefficients (Bi) 
of the following first order empirical relationship were solved for using the fitlm command 








+ 𝐵6(𝑍) + 𝐵7𝐷𝑂𝐶𝑖𝑛𝑓 + 𝐵8𝑇𝑚                                                                 (2 − 4) 
where: Bi are the regression coefficients;  𝐶𝑒𝑓𝑓 is the effluent CEC concentration (ng/L); 
𝐶𝑖𝑛𝑓  is the influent CEC concentration (ng/L); 𝑘𝑏𝑖𝑜  is the biodegradation rate constant 
(min-1), 𝑘𝑏𝑖𝑜 values for both low (3-10 
oC) and high (20-28 oC) water temperature were 
computed for each CEC and used in the analysis; EBCT is empty bed contact time (min); 
𝑘𝑏𝑖𝑜 × 𝐸𝐵𝐶𝑇 for each CEC was used to represent CEC removal via biodegradation; BV is 
throughput (as bed volumes); 𝐵𝑉 𝐶𝑖𝑛𝑓
⁄  was used to represent the fraction of occupied 
sorption sites in GAC-sand biofilters (a detailed explanation is provided in the Appendix 
B); 𝑙𝑜𝑔𝐷𝑜𝑤 is the CECs octanol-water partitioning coefficient (i.e., the logKow value 
corrected for the fraction of the compound in the neutral form at pH 8.5, Table 2-2); Z is 
CEC charge (at pH 8.5, Table 2-2); 𝐷𝑂𝐶𝑖𝑛𝑓 is the influent DOC concentration (Fig. B-2; 
mg/L); 𝑇𝑚 is the influent water temperature (
oC). 
 
The p-value for each regression coefficient was also calculated. Parameters with no 
significant effect on CECs removal at 95% confidence level were excluded from the final 




2.3  Results 
 
2.3.1 Batch sorption experiments 
 
Batch sorption experiments were performed to determine the sorption capacity of the GAC 
media. No significant reduction of any of the selected CECs was observed in control bottles 
without GAC after 5 days of incubation in buffered DI water (pH 8.5) at room temperature 
(data not shown), suggesting that the selected compounds have low or negligible hydrolysis 
rates. The data from the batch sorption tests in buffered ultrapure water (pH 8.5) at room 
temperature (23 oC) were fit to the Langmuir isotherm model and the isotherm parameters 
are summarized in Table 2-3. Similar results were obtained for experiments in which the 
water also contained 5.0 ppm as C of Mississippi River NOM (Table B-3).  
 
Table 2- 3. Langmuir isotherm parameters (mean ± standard error) for the selected CECs 
obtained by fitting the batch test results for the following conditions: room temperature, 0.1 








Atenolol 160.3±38.3 0.027±0.001 4.33 0.84 
Atrazine 139.9±39.7 0.033±0.001 4.62 0.84 
Carbamazepine 189.7±51.7 0.033±0.001 6.26 0.82 
Fluoxetine 26.0±6.6 0.110±0.006 2.86 0.91 
Gemfibrozil 133.7±47.2 0.050±0.003 6.68 0.87 
Metolachlor 21.9±7.4 0.070±0.005 1.54 0.79 
Sulfamethoxazole 70.1±25.7 0.011±0.001 0.77 0.71 





2.3.2 CECs removal performance of the anthracite-sand biofilters 
 
The selected CECs have negligible hydrolysis rates, hence CECs removal in the anthracite-
sand biofilters is attributed solely due to biodegradation. The removal efficiencies of all 
selected CECs in the anthracite-sand biofilters for all sampling periods are shown in Fig. 
2-2.  
 
Among the eight CECs, fluoxetine had the highest removal over the entire course of the 
experiment, ranging from 13.3 to 62.8% at low temperature (3-10 oC) and from 49.2 to 
97.3% at high temperature (20-28 oC). These results suggest that conventional biologically-
active anthracite-sand filters are an effective method to remove fluoxetine during drinking 
water treatment. Low to moderate biodegradation of metolachlor, atenolol, gemfibrozil, 
and sulfamethoxazole (10 to 50%) was also observed in the anthracite-sand biofilters, but 
only at high temperature (20-28 oC). No significant removal of atrazine, carbamazepine, 
and TCEP was observed in the anthracite-sand biofilters over the entire course of the 










Figure 2- 2. Mean removal efficiencies (in %) of atenolol (A), atrazine (B), carbamazepine 
(C), fluoxetine (D), gemfibrozil (E), metolachlor (F), sulfamethoxazole (G), and TCEP (H) 






The kbio values are summarized in Table 2-4 for both high temperature and low temperature 
conditions. Fluoxetine was the only CEC with a kbio value significantly greater than zero 
(p=2.47×10-3) for the low temperature condition (3-10 oC). As expected, at high 
temperature (20-28 oC) the kbio values of the CECs (0.05±0.03 to 0.93±0.15 min-1) were 
greater than those at low temperature (Table 2-4).  
 
Table 2- 4. The biodegradation rate constant (kbio; mean ± standard error) for each 
selected CEC at two temperature conditions determined from the anthracite-sand biofilter 
CEC removal results. 
  Biodegradation rate constant kbio (min-1) 
Low Temperature High Temperature 
Atenolol 0.05±0.03 0.20±0.04* 
Atrazine -0.02±0.02 0.09±0.04* 
Carbamazepine -0.03±0.02 0.05±0.03 
Fluoxetine 0.22±0.06* 0.93±0.15* 
Gemfibrozil -0.02±0.02 0.11±0.04* 
Metolachlor 0.02±0.02 0.29±0.06* 
Sulfamethoxazole 0.07±0.04 0.11±0.03* 
TCEP -0.03±0.02 0.06±0.03 
 
Note: High temperatures ranged from 20-28 oC; Low temperatures ranged from 3 to 10 
oC.  






No significant correlation (p=0.617) was observed between BIOWIN6 predictions and kbio, 
suggesting that this structure-activity-based model is not a useful predictor of CECs 
biodegradation in biofilters. Preliminary work using ion trap mass spectrometry was 
performed to detect possible biodegradation products, but the results were inconclusive 
partly due to a high background signal attributed to matrix interferences.  
 
2.3.3 CECs removal performance of the GAC-sand biofilters 
 
The eight selected CECs in the GAC-sand biofilters were moderately to effectively 
removed over the entire course of the experiment, with mean (± standard deviation) 
removals ranging from 49.1±27.7 % to 94.4±7.0 %. The removal efficiencies of three 
selected CECs (carbamazepine, metolachlor and fluoxetine) in the GAC-sand biofilters 
throughout all sampling periods are shown in Fig. 2-2. For all selected CECs, GAC-sand 
biofilters provided superior removal compared to anthracite-sand biofilters, due to the dual 
function of adsorption and biodegradation. 
 
The biofilters were fed with water from full-scale recarbonation chambers, which 
contained 2.95 to 8.20 ppm DOC during the course of the study (Fig. B-2). Removal of 
DOC in the GAC-sand biofilters was initially 15 to 22 % but stabilized at 1 to 5% after 4 
months of operation (Fig. B-2), suggesting that the GAC filter media was essentially 
saturated with DOC. Despite DOC breakthrough, effective removal of CECs was observed 





The fraction of sorption sites occupied (𝑞𝑐/𝑞𝑒) was computed for each CEC in the GAC-
sand biofilters throughout the experiment, where 𝑞𝑒 was computed assuming an aqueous 
concentration of 100 ng/L (Fig. 2-3). Among all selected CECs, sulfamethoxazole had the 
highest 𝑞𝑐/𝑞𝑒  at the end of the experiment (0.286) and gemfibrozil had the lowest (0.025). 
Assuming carbon regeneration is required when 90% of the GAC media is saturated with 
a target CEC, the estimated frequency of regeneration ranged from 1232 to 14244 days 
(3.4 to 39.0 years). Both adsorption and biodegradation need to be considered to explain 
the differences of 𝑞𝑐/𝑞𝑒 among the CECs. In general, CECs with higher Kd have lower 
end-of-experiment 𝑞𝑐/𝑞𝑒 due to higher adsorption capacities. Some exceptions are noted 
for biodegradable CECs. For example, even though fluoxetine had a lower Kd than that for 
TCEP (2.86 and 4.68, respectively), the end-of-experiment 𝑞𝑐/𝑞𝑒 value of fluoxetine was 








Figure 2-3. Ratio of the amount of CEC sorbed to the GAC media (qc) to the estimated 
sorption capacity assuming an aqueous CEC concentration of 100 ng/L (qe) for all selected 
CECs over time. 
 
Effect of hydraulic loading rate. CEC removal in the GAC-sand biofilters was 
significantly greater (p=8.33×10-9) at the low loading rate (Fig. 2-4). The mean removal 
efficiency decreased by 16.5 % when the loading rate increased from 2 to 4 gpm/ft2 (4.88 







Figure 2-4. Effect of hydraulic loading rate on CEC removal in GAC-sand biofilters. The 
removals for the high loading rate (4 gpm/ft2 or 9.76 m/h) periods of III, IV, VI, IIX, XI and 
XII were compared to the removals for the low loading rate (2 gpm/ft2 or 4.88 m/h) periods 
of I, II, V, VI, IX, and X. The dashed line represents the 1:1 ratio. 
 
Effect of throughput. To investigate the effect of throughput on CEC removal 
performance, the GAC-sand biofilters were operated under the same conditions for periods 
I and XIII and periods II and XIV, which occurred approximately 100,000 bed volumes of 
throughput apart (Table 2-1). The biofilter performance for these periods is compared in 
Fig. 2-5. Significant reductions of CECs removal (p: 3.92×10-8 to 2.87×10-2) in GAC-sand 
biofilters for all selected CECs were observed after 100,000 bed volumes of throughput 




efficiencies declined by 10.8% (fluoxetine) to 76.4% (TCEP). No significant reduction in 
CEC removal performance (p: 0.056 to 0.430) for most selected CECs (except metolachlor) 
was observed when the influent CECs concentration was high (1000-3000 ng/L, Fig. 2-5-
B).  
 
Figure 2-5. Effect of throughput on CEC removal in the GAC-sand biofilters under 
conditions of low temperature (3-10oC) and low loading rate (2 gpm/ft2 or 4.88 m/h). A: 
Period I vs. Period XIII with low influent CECs concentrations (100-200 ng/L); B: Period II 
vs. Period XIV with high influent CECs concentrations (1000-3000 ng/L). Error bars 




2.3.4 Multiple linear regression analysis to determine the most important factors 
affecting CECs removal in the GAC-sand biofilters  
 
Three factors had coefficients that were not statistically significant in the multiple linear 
regression:  influent CECs concentration (B3), hydrophobicity (logDow at pH 8.5, B5), and 
temperature (B8) (p=0.795, 0.094, and 0.226, respectively). After excluding insignificant 
parameters, the final empirical relationship is shown in Eq. 2-5. (N=220, p=3.15×10-49, R2 




= 1.270 + (−0.482 ± 0.043)𝑘𝑏𝑖𝑜 × 𝐸𝐵𝐶𝑇 + (−0.280 ± 0.045)𝐸𝐵𝐶𝑇 + (0.0015 ± 0.0002)
𝐵𝑉
𝐶𝑖𝑛𝑓
+ (−0.537 ± 0.094) 𝑍 + (−0.325 ± 0.047)𝐷𝑂𝐶 𝑖𝑛𝑓                                              (2 − 5) 
and comparison of observed Ceff/Cinf values and Ceff/Cinf values computed using Eq. 2-5 is 
shown in Fig. 2-6. The adjusted correlation coefficient of 0.660 indicates that 66.0 % of 







Figure 2-6. Comparison of values of the effluent to influent CEC concentration ratios 
(Ceff/Cinf) computed using the empirical relationship developed in the present study to the 
observed Ceff/Cinf values. The dashed line represents the 1:1 ratio. The adjusted 
correlation coefficient (R2adj) equals 0.660, meaning 66.0% of the variation in Ceff/Cinf can 
be explained by using this relationship. 
 
The coefficients for 𝑘𝑏𝑖𝑜 × 𝐸𝐵𝐶𝑇 , EBCT, and BV/Cinf (-0.482±0.043, -0.280±0.045, 
0.0015±0.0002, respectively) indicated that, as expected, increasing biodegradation rate 
and EBCT results in increased CEC removal (i.e., reduced Ceff/Cinf) while increasing the 
fraction of occupied sorption sites (represented as BV/Cinf) decreased CEC removal. All 
three factors were significant and should be considered when modeling CEC removal 




DOC concentration (-0.537±0.094 and -0.325±0.047, respectively) suggest that CECs are 
more readily removed in GAC biofilters when the compounds are positively charged and, 
surprisingly, when the influent DOC concentration increases.  
 
Effluent CEC concentrations from simulations using AdDesignS software (Fig. B-3) were 
in poor agreement with experimental observations. For carbamazepine, gemfibrozil, and 
sulfamethoxazole, the simulated effluent concentrations were consistently lower than the 
observed values. The simulated effluent concentrations of metolachlor were constantly 
higher than the observed values. For atenolol, atrazine, fluoxetine and TCEP, the simulated 
effluent concentrations were lower than the observed values for the first 200 days of 





2.4  Discussion 
 
This study provided a comprehensive investigation of CECs removal in GAC-sand 
biofilters used for drinking water treatment. A unique aspect of this study was the operation 
of GAC-sand and anthracite-sand biofilters in parallel under actual drinking water 
treatment conditions with continuous CECs dosing for an extended period of time (> 1 
year). By comparing the performance of GAC-sand and anthracite-sand biofilters operated 
in parallel, the relative roles of adsorption and biodegradation were able to be estimated. 
Variation in operating and environmental conditions permitted evaluation of the effect of 
contaminant concentration, filtration rate or EBCT, and water temperature on CECs 
removal. These findings should be helpful to drinking water treatment facilities in 
predicting possible CEC removal and in optimizing the biofiltration process to maximize 
CECs removal. 
 
The contribution of biodegradation to CECs removal in the biofilters varied significantly 
from compound to compound. Atrazine and carbamazepine were recalcitrant to 
biodegradation in the pilot-scale biofilters (mean removal efficiencies<10%). These 
findings are consistent with previous reports in the literature [5, 21, 23]. The consistency 
of observations between several studies suggests that these three CECs are not treatable 
using conventional biofiltration, regardless of filter design and influent water quality. The 
kbio value of fluoxetine was significantly greater than zero throughout the experiment, 




drinking water treatment. Other selected CECs had kbio values that were not significantly 
greater than zero (p: 0.076 to 0.495) at low temperature (3-10 oC), suggesting conventional 
biofiltration could be less effective in removing CECs from cold water, even for some 
relatively biodegradable compounds (i.e., metolachlor and atenolol). Our kbio values at high 
temperature (20-28 oC) were similar to those reported by Zearley and Summers (2012), but 
there were some differences for individual CECs. For example, the mean kbio for 
metolachlor of 0.29±0.06 min-1 (20-28 oC) was about 32 times greater than the previously 
reported value (0.009 min-1 at 20 oC). This difference in biodegradation rate is possibly due 
to differences in the amount of active biomass in the biofilters and feed water quality 
between the two studies. The large difference in biodegradation rate also suggests that kbio 
values are system-specific and methods to standardize biodegradation rate constant in 
biofilters need to be developed. Other than temperature, pH, ozonation and superficial 
velocity can also significantly affect CECs removal by biofiltration [24, 34, 35]. 
 
Understanding CECs biodegradation pathways is critical for estimating potential 
reductions in overall toxicity and may help drinking water treatment facilities optimize 
biofilter performance. Microbial hydrolysis of the amide bond on atenolol was observed in 
biofilters and wastewater bioreactors [35, 36]. Metolachlor is normally considered 
persistent in natural waters, but microbial dechlorination has been observed in soil [37, 38]. 
Biodegradation of fluoxetine was observed in an activated sludge bioreactor, likely due to 
oxidation or hydroxylation followed by dealkylation [39]. The results of biodegradation 




concentrations of CECs in the feed and high background NOM concentrations which may 
interfere with product detection. Additional research is needed to identify the dominant 
CECs biodegradation products and elucidate the relevant pathways in biofilters. 
 
The relative roles of sorption and biodegradation in the GAC-sand biofilters were estimated 
by comparing the CECs removal results for the GAC-sand filters with those in the 
anthracite-sand biofilters. This study is unique in that other investigations concerning 
CECs removal from drinking water supplies involved non-sorptive media such as sand or 
anthracite [5, 21–23] or “spent” GAC [24]. It can be argued that the validity of this 
approach to determining the relative roles of sorption and biodegradation requires that the 
microbial activity levels and compositions of the communities in the GAC biofilters and 
anthracite biofilters are similar, which may not always be the case [15]. An investigation 
of the microbial communities in the media from the biofilter columns in the present study 
is the subject of ongoing research.  
 
For all selected CECs except fluoxetine, GAC-sand biofilters provided at least double the 
removal in the anthracite-sand biofilters (Fig. 2-2). Assuming that the rate of 
biodegradation was the same in both types of filters, this result suggests that adsorption 
was the dominant CECs removal mechanism in GAC-sand biofilters over the first 15 
months of operation with initially virgin GAC. The assumption of similar biodegradation 
rates seems reasonable because ATP concentrations on the filter media were similar for the 




CEC-degrading bacteria would be needed to confirm the validity of this assumption, but 
this would be challenging to determine and was beyond the scope of this study. 
 
The observed effects of hydraulic loading rate on GAC-sand biofilter performance were 
expected because low loading rate provides greater contact time for both adsorption and 
biodegradation. Similar results also were found in other studies at a smaller scale, involving 
rapid small-scale column tests (RSSCT) or bench-scale GAC filters [33, 40, 41].  
 
The difference between the fraction of occupied GAC sorption site (𝑞𝑐/𝑞𝑒) values for 
biodegradable and non-biodegradable CECs suggests that biodegradation can extend filter 
bed life, either by reducing the initial amount of sorption or by enhancing desorption and 
regeneration of occupied sorption sites, which is consistent with observations of geosmin 
removal in GAC biofilters [10]. The effect of throughput on CECs removal is explained by 
considering the usage of sorption sites. For non-biodegradable CECs, a greater decrease in 
removal efficiency was observed for CECs with higher 𝑞𝑐/𝑞𝑒  (for example: TCEP vs. 
carbamazepine). Biodegradable CECs, such as fluoxetine and atenolol, were less impacted 
by throughput because less sorption sites were occupied over time due to the significant 
role of biodegradation in removal. The lack of an effect of throughput at high influent CECs 
concentrations (1000-3000 ng/L) is explained by the increase in driving force for sorption 
when the influent is suddenly switched from low to high concentration, so that carbon 





A multiple linear regression analysis was performed to investigate factors that significantly 
affected CEC removal in the GAC-sand biofilters. Unlike some previous studies [22, 42], 
the Dow of the compounds was not a significant factor in determining CECs removal. It is 
important to note that many of the CECs in this study have polar and/or charged functional 
groups which may also affect CECs sorption onto GAC [31, 43]. Our results suggested that 
positively charged CECs were more sorptive than neutral or negatively-charged 
compounds. Typical point of zero charge pH values (pHpzc) for activated carbon are 
between 3.4 to 7 [44–46]. Thus, the virgin GAC media surface is expected to be negatively 
charged at pH 8.5 (i.e., the influent water pH). The enhanced adsorption of positively-
charged CECs was likely due to electrostatic attraction [31, 47].  
 
One unexpected result from the linear regression analysis was the negative coefficient for 
the DOC term, suggesting that increasing DOC concentration was beneficial for CECs 
removal. DOC in filter influent is often associated with a reduction in contaminant removal 
efficiency and earlier breakthrough due to competition for adsorption sites and pore 
blocking [3, 48]. Considering DOC is mostly negatively charged in natural water, 
increasing influent DOC concentration may lead to a stronger electrostatic attraction for 
some compounds once DOC absorbs to the GAC. For example, Ridder et al. (2011) 
reported stronger electrostatic attraction of pharmaceuticals on GAC preloaded with NOM 
compared to fresh GAC [31]. In addition, as co-metabolism is the likely biodegradation 




should provide more labile carbon for increasing biomass and bioactivity levels in the filter 
media. 
 
Developing models for predicting CEC removal in GAC-sand biofilters is challenging 
given the complexity of the process. First, the possible removal mechanisms include 
sorption, biodegradation, and chemical degradation (e.g., hydrolysis). Second, the 
performance is expected to be highly dynamic with short-term variation in biodegradation 
rates due to the effects of backwashing on attached biomass levels [49] as well as moderate 
to longer term changes in sorption effectiveness due to accumulation of CECs and NOM 
on the carbon surface and within the pores [22, 50]. Further, the use of GAC as a filter 
media means that particles and flocs can accumulate on the carbon and possibly block pores 
[51] or even provide more sites for sorption of CECs [52, 53]. We explored the use of 
AdDesignS for predicting the CECs removal performance of the GAC-sand biofilters in 
this investigation. The AdDesignS program incorporates adsorption capacity, adsorption 
kinetics and NOM fouling, but does not account for biodegradation and water quality 
variations (i.e., influent DOC concentration). The agreement between the model 
predictions and experimental data was poor in some cases, especially for compounds that 
were biodegradable [10]. Therefore, an empirical relationship was developed via multiple 
linear regression that incorporated all potential factors that may affect CECs removal in 
GAC-sand biofilters, including biodegradation rate, adsorption capacity, throughput, 
EBCT, water quality variation (influent DOC concentration) and CEC chemical properties 




be site specific. Additional research is needed to determine how well the empirical 
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Chapter 3  
Investigation of the microbiome in the pilot-scale biofilters and the 
impact of biofilters on the microbiome in filter effluent.  
 
Bacterial communities in biofilters can be beneficial through biodegradation of 
contaminants but also pose potential risks by harboring and releasing detrimental microbes 
into water distribution systems. This study investigated the variations in the bacterial 
communities in biofilters and its relationship with the pre-/post-filtration water microbiome 
by operating a pilot-scale biofiltration system for over 18 months. The bacterial abundance 
and community composition on filter media samples (n=512) at four different depths (top 
layer, 0.15m, 0.3m, and 0.45m), filter influent samples (n=39) and filter effluent samples 
(n=104) were documented by analyzing 16S rRNA gene using real-time quantitative 
polymerase chain reaction and Illumina HiSeq high-throughput sequencing. The bacterial 
abundance in the biofilters was relatively stable over time. But the community composition 
exhibited temporal variations and varied with media type (GAC vs. anthracite), backwash 
strategy (chloraminated vs. non-chloraminated), and bed depth. The biofilters effectively 
removed biomass (~70%) from the water but only marginally impacted the bacterial 
community composition in the filter effluent through collecting and shedding. This study 
provided a better understanding of the microbiome in biofilters from both ecological and 




3.1  Introduction 
 
Filtration using biologically active, granular media has been widely used in drinking water 
treatment since 1800s [12]. The bacterial community on filter media can be beneficial in 
removing of natural organic matter [8, 9], taste-and-odor compounds [10], and other 
emerging contaminants [11]. But as a part of the source-to-tap microbiome, it may also 
pose potential risks in terms of public perception by harboring and releasing detrimental 
microbes into drinking water distribution systems [14, 15]. To improve the performance 
and manage the potential risks, it is essential to understand the bacterial community in 
biofilters and how it shapes the microbiome in drinking water. 
 
There are many factors affecting the variations and dynamics in bacterial communities in 
both natural and engineered ecosystems. Most bacterial communities exhibit spatial and 
temporal heterogeneities due to the changes in environmental factors (e.g., temperature, 
pH, and carbon availability) as well as other stochastic events like growth, migration, and 
predation [54–56]. Microorganism-specific selection of lifestyle (e.g., biofilm vs. 
planktonic) is also critical in determining the bacterial community assembly, especially in 
a complex ecosystem involving multiple types of living environments [57]. Highly reactive 
chemicals, such as disinfectants (e.g., chloramine) and contaminants of emerging concerns 
(CECs; including micropollutants like pesticides and antibiotics), are detected in various 
environments and also significantly impact bacterial communities even in trace 





It is challenging to investigate the bacterial community in biofilters, because it is a complex 
ecosystem influenced by both environmental factors and engineering designs. There are a 
few studies concerning the bacterial community in biofilters. Bacteria like 
Alphaproteobacteria, Gamaproteobacteria, Nitrospira (class level) were consistently 
detected in full-scale biofilters [13, 14]. The bacterial community on the filter media 
exhibited temporal variation and may help shaping the microbiome in water distribution 
systems [13–15]. Despite the previous works, little is known about how the bacterial 
community in biofilters responds to the water quality changes, reactive chemicals exposure, 
and different filter operational conditions (e.g., backwash strategies) and how the 
community on filter media interact with the pre-/post-filtration water microbiome.  
 
In this study, the microbiome in biofilters was investigated by operating eight pilot-scale 
biofilters in parallel for over 18 months at a full-scale water treatment plant. The bacterial 
abundance and high-resolution community profile at genus level were well documented 
using latest developed analytical techniques, including real-time quantitative polymerase 
chain reaction (qPCR) and Illumina HiSeq high-throughput sequencing. The temporal and 
spatial (at different bed depths) variations and the effects of water quality change, filter 
media type (granular activated carbon (GAC)-sand vs. anthracite-sand), CECs addition and 
backwash strategy (using chloraminated water vs. non-chloraminated water) on the 
bacterial community in biofilters were evaluated. Finally, the impact of biofilters on the 




3.2  Methods 
 
3.2.1 Pilot-scale biofiltration system design and operation 
 
A pilot-scale biofiltration system was constructed at the Minneapolis Water Treatment and 
Distribution services (MWTDS) in Fridley, Minnesota, USA, as described in Chapter 2. 
Briefly, water from the full-scale recarbonation chambers was used as the feed water for 
the pilot plant (Fig. 2-1). The water was adjusted to a pH of 8.5 using hydrochloric acid, 
coagulated using 2 mg/L (as Fe) ferric chloride, and then settled for 1 to 2 hours before 
entering the biofilter columns. Eight biofilter columns were operated in parallel. Five 
columns (column #1-3, 7 and 8) were GAC-sand biofilters and three columns (column #4-
6) were anthracite-sand biofilters.  
 
The pilot-scale biofiltration system was operated for 18 months from 07/15/2015 to 
01/04/2017. The filters were operated at hydraulic loading rates of 4.9 or 9.8 m/h according 
the operational schedule (Table 2-1). The columns were backwashed every 4 to 6 days, 
using 36.8 L/min of air for 5 minutes followed by 10 minutes of water wash at 36.66 m/h 
to achieve a 30% bed expansion. Two backwash strategies were used: Chloraminated 
backwash, which used finished water from MWTDS containing 2-4 mg/L (as Cl2) 
monochloramine, was applied from 07/15/2015 to 08/15/2016; Non-chloraminated 
backwash, which used the filter effluent directly from the pilot plant without chloramine, 




CECs (0.1-3 µg/L) were continuously dosed into the filter influent of six columns (column 
#1-6), as described in Chapter 2. Eight CECs that have been detected frequently in finished 
drinking water [1] were selected for this study, including herbicides (atrazine and 
metolachlor), pharmaceuticals and antibiotics (atenolol, carbamazepine, fluoxetine, 
gemfibrozil, and sulfamethoxazole), and an industrial chemical (tris (2-chloroethly) 
phosphate).  
 
The water temperature was measured daily. The concentrations of DOC and total ammonia 
in the filter influent samples were determined weekly according to EPA method 415.3 and 
350.1, respectively. 
 
3.2.2 Sample collection and DNA extraction 
 
Water samples and media samples from the biofilters were collected for analysis of 
bacterial abundance and community composition. Filter influent and effluent samples (1 
L) from all biofilter columns were collected monthly in pre-sterilized polypropylene 
bottles. Filter media samples (approximately 0.5 g as wet weight) were collected in sterile 
microcentrifuge tubes right after water sample collection from four different depths (top, 
0.15 m, 0.30 m and 0.45 m) in all biofilter columns. All samples were transported on ice 
to the laboratory. Upon arrival, water samples were filtered through pre-sterilized 
nitrocellulose filters (diameter = 47mm; pore size = 0.2 µm). The nitrocellulose filters and 




5% SDS, pH 8.0), subjected to three consecutive freeze-thaw cycles and incubated at 70 
oC for 90 minutes. Then, genomic DNA in each sample was extracted using the FastDNA 
SPIN Kit for Soil (MP Biomedicals, Solon, OH). Purified DNA was stored at -20°C until 
future use. After extraction, the media samples in the microcentrifuge tubes were removed, 
dried at 105 oC, and then weighed to obtain the dry weights of the media for data 
normalization purposes. In total, 143 water samples and 512 media samples were collected 
in this investigation. 
 
3.2.3 Real-time quantitative polymerase chain reaction (qPCR) 
 
The 16S rRNA gene for Bacteria that was used to quantify total bacterial biomass in water 
samples and media samples using real-time quantitative qPCR [62]. Standards for qPCR 
were prepared from serial dilution of synthetic double-stranded DNA fragments (gBlocks) 
to develop calibration curves for quantification of gene copies in each sample. The 
censoring limit (CL) was defined as the lowest standard of a given qPCR assay that 
amplified (1100 copies per reaction), normalized by the volume (L) of the water sample or 
the bed volume (cm3) of the media sample used for DNA extraction. The detailed 
information of the gene targets and respective primer sequences and gBlock standards is 
shown in Table C-1. A paired, two-sample t-test was used to determine if there was a 
significant difference in gene concentrations between GAC and anthracite media samples. 
A Pearson’s correlation test was conducted to determine if a statistically significant 




3.2.4 High-throughput 16S rRNA gene sequencing 
 
A total of 319 samples were selected for sequencing analysis, including all water samples, 
all media samples collected from the top layer of the biofilters, and the media samples 
collected from four different depths on 07/28/2016 and 09/28/2016. The DNA extract from 
each sample was amplified using PCR, purified, quantified, and then pooled by equal mass 
to create a library for sequencing, as previously described [13]. Next generation high-
throughput sequencing of PCR-amplified 16S rRNA gene fragments (V3 region) was 
performed on the Illumina HiSeq platform at the University of Minnesota Genomics Center 
(UMGC) using primers 341F and 534R [63]. Unprocessed sequence reads have been 
uploaded to Sequence Read Archive (accession PRJNA515121). 
 
Sequence reads were demultiplexed, trimmed, and filtered using QIIME2 (version 2018.2). 
Amplicon sequence variants (ASVs) were determined using ‘DADA2’ [64, 65] and then 
assigned consensus taxonomy using SILVA rRNA database (release 128) [66]. A 
phylogenetic tree was generated using ‘FastTree2’ and the rooted using midpoint [67]. 
 
Both alpha (Shannon index) and beta (weighted UniFrac distance metrics) diversity were 
calculated using QIIME2 (pipeline: core-metrics-phylpenetic) after sequence libraries were 
randomly trimmed down to 100,000 sequences per profile. Paired two-sample t-test was 
used to determine if there was a significant difference in Shannon index values between 




made to visualize the weighted UniFrac distance metrics. “Core-satellite” model was used 
to determine the core ASVs based on their occupancy (i.e., the proportion of the samples 
covered) and the mean relative abundance [68, 69]. Multiple correlation analyses were 
conducted to determine the correlation between the relative abundance of individual ASV 
and water quality parameters (e.g., temperature, influent DOC and ammonia 
concentrations), using corr command in MATLAB 2018a, and the p-values were adjusted 
using Bonferroni correction [70]. Differential abundance analyses were performed to 
determine the identities of ASVs which relative abundance were significantly different 
between sample groups, using ‘DESeq2’ package in R software, as previously described 
[60]. Permutational multivariate analysis of variance (PERMANOVA) tests (999 
permutations) were conducted using the adonis function in R software to determine the 
effects of water quality parameters on the bacterial community. Post hoc analyses of pair-
wise comparisons were performed using ‘pairwiseAdonis’ package in R. The dispersions 
of the bacterial community within a sample group were tested using the betadisper and 
permutest functions in ‘vegan’ (999 permutations), and post hoc analyses were performed 
using Wilcoxon tests. For all post hoc tests, p-values were adjusted using Benjamini-




3.3  Results 
 
3.3.1 Biofilter influent water quality 
 
Influent water temperature, total ammonia concentration, and DOC concentration were 
regularly monitored over the entire course of the experiment (Fig. C-1). Temperature 
ranged from 3 to 28 oC, with a mean of 12.6 oC. DOC concentrations ranged from 2.9 to 
8.2 mg C/L, with a mean of 4.8 mg C/L. Total ammonia concentration ranged from below 
the detection limit (0.015 mg N/L) to 0.13 mg N/L, with a mean of 0.05 mg N/L.  
 
3.3.2 Quantification of total bacterial biomass 
 
The 16S rRNA gene concentration in the media samples collected from the top layer fo the 
GAC-sand and anthracite-sand biofilters ranged from 8.4 ± 0.2 to 9.8 ± 0.1 and 8.0 ± 0.2 
to 9.7 ± 0.0 log copies/cm3 bed volume, respectively (Fig. 3-1). No significant difference 
(P=0.272) in 16S rRNA gene concentrations was observed between GAC and anthracite 
media. Also, the 16S rRNA gene concentrations were relatively stable over time and did 
not correlate with water temperature. The mean concentrations of 16S rRNA genes in the 
media samples decreased with depth in the biofilters (Fig. C-2), with a mean reduction of 
0.6 ± 0.4 and 0.6 ± 0.7 log copies/cm3 bed volume for every 0.15 m of depth increase in 
the GAC-sand and anthracite-sand biofilters, respectively. The 16S rRNA gene 




3). The GAC-sand and anthracite-sand biofilters effectively removed biomass (i.e., 16S 
rRNA genes) from the filter influent, providing 64.9±30.2% and 70.0±34.6% removal, 
respectively, over the course of the experiment (Fig. C-3).  
 
Figure 3- 1. Mean 16S rRNA gene concentration on media samples collected from the 
top layer of the GAC-sand (blue line; column #1-3) and anthracite-sand biofilters (green 
line; column #4-6). The red dashed line represents the water temperature. The error bars 
represent the standard deviation computed from triplicate samples. 
 
3.3.3 Bacterial community composition in biofilters 
 
The bacterial community composition on the media samples and water samples was 
determined using high-throughput Illumina HiSeq sequencing of PCR-amplified 16S 
rRNA gene fragments.  A total of 124,955,713 high quality sequences were retained, which 








































































seven categories based on their occurrence in three different types of samples (i.e., media, 
filter influent and filter effluent) collected from the same biofilters (Table 3-1). The ASVs 
shared by all three sample types (i.e., media-influent-effluent shared) included the majority 
of the bacterial populations (>90%). Positive correlations between the mean relative 
abundance of ASVs and occupancy were observed in all types of samples (Fig. C-4), 
indicating that “core-satellite” model could be applied in determine the core community. 
By setting minimal thresholds for occupancy at 50% and mean relative abundance at 
0.02%, a total of 632 ASVs were defined as core ASVs, comprising on average 76.1% to 
86.1% of the total community in different sample types (Table 3-1). The number of ASVs 
and their total relative abundance for all detected ASVs and core ASVs are provided in 
Table 3-1.  
 
The most prominent genera in the media samples were Hydrogenophaga, unknown genera 
in Rhodobacteraceae and unknown genera in Comamonadaceae (Fig. 3-2: A and B), 
comprising 8.4%, 6.0% and 5.8% of total bacterial community on average, respectively. 
Different dominant genera were observed in the water samples (Fig. 3-2: C, D, and E). 
Limnohabitans and uncultured genera of LD12 freshwater group were the most prominent 
genera in the filter influent and effluent samples, comprising an average of 12.8 % and 11.2 




Table 3- 1. Information of ASV classification for all detected ASVs and the core ASVs. 
Categories*   Column # 1-3  
(GAC-sand biofilter with CECs additions) 
Column # 4-6 
(Anthracite-sand biofilters with CECs additions) 
Column # 7&8 
(GAC-sand biofilter without CECs additions) 
All ASVs detected  Number 
of ASVs 
Total relative abundance Number 
of ASVs 
Total relative abundance Number 
of ASVs 
Total relative abundance  
Media Influent Effluent Media Influent Effluent Media Influent Effluent 
Media Specific 6023 1.0% 0.0% 0.0% 9609 1.3% 0.0% 0.0% 4278 0.9% 0.0% 0.0% 
Influent Specific 14040 0.0% 1.1% 0.0% 13398 0.0% 1.0% 0.0% 15445 0.0% 1.3% 0.0% 
Effluent Specific 6175 0.0% 0.0% 0.8% 5365 0.0% 0.0% 0.7% 5106 0.0% 0.0% 0.9% 
Media-Influent Shared 2102 0.5% 0.3% 0.0% 3462 0.9% 0.6% 0.0% 1952 0.8% 0.5% 0.0% 
Media-Effluent Shared 1244 3.9% 0.0% 1.0% 1197 1.7% 0.0% 0.8% 755 4.4% 0.0% 1.4% 
Influent-Effluent Shared 2845 0.0% 0.7% 0.8% 1807 0.0% 0.4% 0.5% 2689 0.0% 1.0% 1.2% 
Media-Influent-Effluent Shared 4907 94.6% 97.8% 97.4% 5227 96.1% 98.0% 97.9% 3808 93.8% 97.3% 96.6% 
Total number of ASVs  14276 23894 15171  19495 23894 13596  10793 23894 12358 




Total Relative abundance Number 
of ASVs 
Total Relative abundance Number 
of ASVs 
Total Relative abundance 
Media Influent Effluent Media Influent Effluent Media Influent Effluent 
Media Specific 225 25.5%   191 18.9%   195 22.4%   
Influent Specific 70  3.9%  61  3.1%  75  4.7%  
Effluent Specific 10   0.4% 9   0.3% 16   0.7% 
Media-Influent Shared 23 3.1% 2.5%  42 3.7% 4.4%  16 2.2% 1.3%  
Media-Effluent Shared 39 10.6%  2.5% 18 3.6%  0.7% 43 12.9%  2.9% 
Influent-Effluent Shared 61  4.4% 4.2% 35  2.1% 2.3% 72  6.3% 6.1% 
Media-Influent-Effluent Shared 139 47.0% 72.5% 71.1% 155 56.7% 73.7% 72.7% 130 48.3% 71.0% 68.5% 
Total number of core ASVs 567 426 293 249 511 406 293 217 547 384 293 261 
Total relative abundance  86.1% 83.3% 78.2%  82.8% 83.3% 76.1%  85.8% 83.3% 78.3% 
*Note: All ASVs were grouped in to seven categories. The ASVs that were detected only in media, filter influent, or filter effluent samples were 
defined as ‘media specific’, influent specific’, and ‘effluent specific’. The ASVs that were detected in two different types of samples but not the third 
type were defined as ‘media-influent shared’, ‘media-effluent shared’ and ‘influent-effluent shared’. The ASVs that were detected in all three types 




The bacterial communities on the GAC and anthracite media samples were highly diverse. 
Shannon index values ranged from 5.6±0.2 to 8.3±0.0 for the GAC media samples, and 
5.6±0.3 to 8.2±0.1 for the anthracite media samples (Table C-2). There was no significant 
difference (P=0.141) between the Shannon index values for the GAC and anthracite media 
samples. Also, no clear seasonal change was observed. The diversity of the bacterial 
community decreased with depth for the GAC and anthracite media samples, as indicated 
by Shannon index values (Table C-3). The bacterial diversity in the water samples 
decreased after filtration on most sampling dates, with Shannon index values of 5.9±0.4 to 






Figure 3- 2. Bacterial community profiles of showing the 17 most abundant genera and 
unclassified sequences represented in (A) GAC media samples (column #1-3) and (B) 
anthracite media samples collected from top layer of biofilters, (C) filter influent, (D) filter 
effluent from GAC-sand biofilters (column #1-3) and (E) filter effluent from anthracite-sand 
biofilters. The abundant genera are those that comprised greater than 5% of total 
sequences in at least 16 of 319 samples in total that were analyzed for DNA sequencing 
in this study. The genera that are not considered as abundant genera are grouped in 
“others”. The triplicate samples were plotted separated within the same panel. No water 








































































3.3.4 Variations in the bacterial community on the biofilter media 
 
Temporal variation and effect of water quality. PCoA plots revealed distinct clusters 
based on the sampling dates, suggesting that the bacterial community composition 
exhibited temporal variations (Fig. 3-3: A, B and C). The first principal coordinates in the 
PCoA plots are significantly correlated (P<0.05, Pearson’s correlation) with the water 
temperature (Fig. C-5), indicating that temperature or water quality parameters that 
correlate with temperature, such as the concentrations of DOC and ammonia, may explain 
the temporal variations in the bacterial community. PERMANOVA tests indicated that all 
three parameters had significant effects on the bacterial community (Padonis <0.05; Table C-
5). Among these three parameters, temperature explained most of the variations, with 
R2adonis of 0.25 and 0.27 for GAC and anthracite media samples, respectively (Table C-5). 
To determine the impacts of the water quality parameters on individual ASVs, the relative 
abundance of each ASV and temperature, influent DOC and ammonia concentrations were 
compared in multiple correlation analyses. Among 567 core ASVs, 63, 26 and 22 ASVs 
detected in GAC media samples (collected from column #1-3) had statistically significant 
correlation (Padjusted < 0.05) with temperature, influent DOC and ammonia concentrations, 
respectively (Fig. C-6). Similar results were observed for the anthracite media samples, 







Figure 3- 3. PCoA plots based on weighted UniFrac distance metrics for the media 
samples collected from the top layer of the biofilters showing: the temporal variation in the 
bacterial community in the biofilter column #1-3 (A, GAC with CECs addition), column #4-
6 (B, anthracite with CECs addition), and column 7&8 (C, GAC without CECs addition); 
the effect of media types (GAC vs. anthracite) and CECs addition on the bacterial 
community on the media samples collected on 07/27/2015 (D), 10/09/2015 (E), 
03/30/2016 (F), and 07/28/2016 (G). The results from the rest sampling dates are shown 
in Fig. C-9; the effect of backwash strategies (chloraminated vs. non-chloraminated) on 
the bacterial community in the biofilter column #1-3 (H) and column #4-6 (I). Different color 






Effect of media type. Distinct clusters of GAC and anthracite samples in the PCoA plots 
were constantly observed on each sampling date (Fig. 3-3: D, E, F, and G, and Fig C-9), 
suggesting that there was a significant effect of media type on the bacterial community 
composition in the biofilters. PERMANOVA testing indicated that the bacterial 
communities in the GAC and anthracite biofilters were significantly different (R2adonis 
=0.09, Padnois =0.001; Table C-6). None of the bacterial communities in the triplicate GAC 
and anthracite media samples collected on each sampling date, however, were significantly 
different according to pairwise PERMANOVA tests (Padnois_adjusted = 0.12 to 0.31; Table C-
6). Differential abundance analyses indicated that the relative abundances of 170 core 
ASVs in the GAC and anthracite media samples were significantly different 
(Pwalt_adjusted<0.05; Fig. C-10). 
 
Effect of continuous CECs addition. No significant difference in the bacterial 
communities was observed in the GAC-sand biofilters with and without continuous trace 
amount of CECs addition, as supported by PCoA plots (Fig. 3-3: D, E, F, and G, and Fig 
C-9) and PERMANOVA tests (padnois=0.88; Table C-7). The differential abundance 
analyses indicate that only 23 core ASVs differed significantly in relative abundance on 
the GAC media samples with and without CECs addition (Fig. C-11). 
 
Effect of backwash. The bacterial communities on the media samples collected during the 
same season, but one year apart, under different backwashing conditions (08/15-01/16: 




PCoA plots (Fig. 3-3: H and I). The bacterial community exhibited a significant shift after 
switching the backwash strategy, with Padnois of 0.001 and 0.002 for GAC and anthracite 
media samples, respectively. Differential abundance analyses indicated that the relative 
abundance of 285 core ASVs were significantly different (Pwalt_adjusted<0.05) on the media 
samples with chloraminated and non-chloraminated backwash (Fig. C-12). 
 
Depth variation. The bacterial community exhibited variations with depth in the biofilters 
(Fig. 3-4).  Pairwise PERMANOVA tests indicate that the bacterial communities in the top 
layer (0 m) were significantly different (padonis_adjusted <0.05) from those at greater depths 
in the GAC-sand and anthracite-sand biofilters (Table C-8).   
 
Figure 3- 4. PCoA plot based on weighted UniFrac distance metrics showing the 
variations in the bacterial community on GAC (A, column #1-3) and anthracite (B, column 
#4-6) media samples collected on 07/28/2016 and 09/28/2016 from four different depths 
(0 m, 0.15 m, 0.30 m, and 0.45 m) in the biofilters.  
  














































































3.3.5 Effect of biofilter on the bacterial communities in filter effluent. 
 
PCoA plots were prepared to visualize the difference in bacterial communities between 
filter influent, filter media (top layer) and filter effluent samples collected from the GAC-
sand and anthracite-sand biofilters (Fig. 3-5: A and B). There was clear separation between 
water samples and media samples in the PCoA plots, suggesting that the bacterial 
communities in the water samples and the media samples were different. Furthermore, the 
close proximity of the filter influent and effluent samples suggested that those communities 
were similar. Such observations were also supported by statistical tests (pairwise 
PERMANOVA, Table C-9). The bacterial communities in the media samples were 
significantly different (padonis_adjusted <0.05) from those in the filter influent and effluent 
samples, whereas no significant difference (padonis_adjusted >0.05) was observed between the 
bacterial communities in the filter influent and effluent. 
 
To further assess intra-ASV level difference in the bacterial communities, the mean relative 
abundance values of all detected ASVs were compared between biofilter media, filter 
influent, and effluent (Fig 3-5: C and D). The greatest Pearson’s correlation coefficients 
were obtained for comparisons of the filter influent and effluent (0.97 and 0.97 for GAC-
sand and anthracite-sand biofilters, respectively), supporting the previous statement that 
the communities in those samples were similar. The correlation coefficients between the 
filter effluent and media were less than those between the water samples, but constantly 




minor, impact of the biofilters on the bacterial communities in filter effluent. Similar results 
were also observed by comparing the community dissimilarities using the weighted 
UniFrac distance metrices (Fig. C-13). Relatively lower dissimilarity values were observed 
between the filter effluent and media than between the filter influent and media. The mean 
relative abundance of all core ASVs in the filter media, influent and effluent samples 
collected from GAC-sand (column #1-3) and anthracite-sand (column #4-6) biofilters are 






Figure 3- 5. Comparison of the bacterial communities in biofilter media, filter influent, and 
effluent samples. PCoA plots based on weighted UniFrac distance metrics showing the 
bacterial community composition in the samples collected from the top layer of the GAC-
sand biofilters (A, column #1-3) and anthracite-sand biofilters (B, column #4-6); Mean 
relative abundance of all detected ASVs in the samples collected from the top layer of the 
GAC-sand biofilters (C, column #1-3) and anthracite-sand biofilters (D, column #4-6). ρ is 
the Pearson’s correlation coefficient value comparing the mean ASVs relative abundance 





3.4  Discussion 
 
This study provided a comprehensive investigation of the bacterial community in the pilot-
scale biofilters. A work flow, including community visualization (bar charts and PCoA 
plots. Fig. 3-2 to 3-5), core population identification and classification (Table 3-1), and 
multiple statistical tests (PERMANOVA, multiple correlation analysis, and differential 
abundance analysis) were used to explore temporal and spatial variations, the effect of 
media type, CECs addition and backwash strategy on the biofilter microbiome, and the 
interaction of the microbiome on the media with that in the water. This study should be 
beneficial in understanding the microbiome in water treatment biofilters from both 
ecological and engineering perspectives.   
 
A unique aspect of the experimental setup in this study was the operation of triplicate 
(column #1-3 and 4-6) and duplicate (column 7&8) biofilters columns in parallel for an 
extended period of time (18 months). High reproducibilities of sequencing results among 
the replicate samples were consistently observed (Fig. 3-2 to 3-4), which ensured the 
statistical assessments of variations and differences in the bacterial community under 
different conditions (e.g., media type and CECs addition). Relatively higher dispersions 
among the replicate media samples collected at greater depth (Fig. 3-4) were expected as 
the environmental conditions, such as DOC and dissolve oxygen (DO), changed along the 





The bacterial community in biofilters shared similarities with other ecosystems. The 
prominent genera, such as Hydrogenophaga, Limnohabitans, and Flavobacterium, are 
commonly found in freshwater environments [72, 73], soil [74], and water distribution 
systems [14, 68, 69, 75]. Human gut bacteria (e.g., Bacteroides [76]) and bacteria from 
genera that include opportunistic pathogens (e.g., Legionella and Mycobacterium; [77]) 
were also detected in the biofilters as minor populations, comprising less than 0.2% of the 
total community. As a part of the source-to-tap microbiome, the present of these bacteria 
in the biofilters may pose potential risks to drinking water safety and public health. 
 
The total biomass level did not change significantly over time despite seasonal variations 
in water temperature and influent DOC concentration (Fig. 3-1). This is unexpected 
because higher temperature and influent DOC concentration should be beneficial for 
growth of the mesophilic heterotrophic bacteria that tend to dominate the communities of 
water treatment filters [78]. The overall biomass in a biofilter at a given point in time is a 
function of the rates of growth, deposition, and loss by physical removal via fluid shear as 
well as decay, inactivation, and predation, with increasing biomass expected during periods 
where the combined growth and deposition rates exceed the loss rate [79, 80]. It is possible 
that the combined rates of growth and deposition remain in balance with the loss rate 
throughout the year. Although the total biomass level was stable, the bacterial community 
composition exhibited temporal variation that was likely due to water quality changes. 
Bacteria respond to such changes differently according to their physiological 




Polaromonas was negatively correlated with temperature in all biofilters, whereas the 
relative abundance of thermophilic bacteria, such as Limnohabitans and Silanimonas, 
tended to increase in warmer temperatures (Fig. C-6 to C-9) [81–83]. Considering all three 
parameters discussed in the present study (temperature, influent DOC and ammonia 
concentrations), PERMANOVA results suggested that more than 50% variance in the 
bacterial community was not explained by these parameters (Table B-5). Thus, other water 
quality factors, such as DO, phosphate, sulfate, and natural organic matter composition 
may have also affected the community composition [14]. The community composition on 
the media samples collected at the same time of year (07/27/2015 vs. 07/28/2016) were 
relatively similar as indicated in the PCoA plots (Fig. 3-3: A, B and C), suggesting that the 
temporal variations could be seasonal. Similar water quality driven temporal variations in 
the bacterial community were observed in biofilters and distribution systems in previous 
investigations [13, 68, 69].  
 
Long-term (>1 year), continuous CECs addition did not appear to significantly affect the 
bacterial community in the biofilters, which disagreed with most previous studies 
investigating the effect of CECs on bacterial communities in various natural and 
engineered ecosystems [58, 59, 84]. Such disagreement is likely attributed to the difference 
in the applied CECs concentrations. Environmentally relevant trace levels of CECs (0.1-3 
µg/L) were spiked into the biofilter influents in the present study, whereas much higher 
concentrations (> 10 µg/L) were applied in most previous studies. The EC50 values (i.e., 




selected CECs ranged from 54 to 35,440 µg/L [85–88]. Minor differences in the relative 
abundances of few ASVs were observed on the GAC media with and without CECs 
addition (Fig. C-12). There is, however, no direct connection between those ASVs and 
CECs resistance or survival mechanisms. 
 
The effect of backwash strategy on the bacterial community in biofilters provides novel 
insights on how the bacterial community responds to periodic, short-term contact of 
disinfectant (i.e., chloramine). Our results suggest that disinfectant can still significantly 
impact the bacterial community, even with 10-minute application every 4 to 6 days. During 
backwash, the biofilms on the filter media were also disturbed by the high velocity water 
[89, 90], which may amplify the effect of disinfectant. Interestingly, mycobacteria and 
AOB, which were previously reported as bacteria well-adapted to chloramine [60, 61], did 
not appear to increase in abundance under chloraminated backwash condition (Fig. C-13). 
It is important to note that the comparison between two backwash strategies were 
performed in the same season but one year apart. It can be argued that the differences in 
bacterial community under different backwash strategies were the result of year-to-year 
variations, even though the temporal variation was likely to be seasonal, as discussed 
above. In parallel comparison is recommended to address such argument.  
 
The difference in bacterial communities between GAC and anthracite media sample was 
likely due to the distinct surface characteristics of the two media (e.g., porous structure and 




availability [15, 89]. Also, GAC can catalytically reduce chloramine [91], which was 
applied in the backwash water for the first year of the operation. The difference in the 
catalytical properties between the two media may also result in the community difference, 
especially considering there was a significant effect of chloramine on the bacterial 
community in biofilters observed in the present study (i.e., the effect of backwash strategy). 
 
The reductions of total biomass and diversity of the bacterial community with depth were 
expected because there were less resources available (i.e., assimilable organic carbon, DO, 
and nutrients) for bacterial growth. Similar results were observed in biofilters [15, 92] as 
well as other ecosystems (e.g., soil and sediment [93, 94]). The bacterial community also 
varied with depth, probably due to water quality changes and the effects of bacterial 
deposition from the water onto the media, which was expected to be more important near 
the top of the filter bed. The bacterial community in the top layer is critical in determining 
the biological functions of the biofilters as it contains the most biomass, and the high 
diversity ensures the performance stability and resistance to process upsets [95, 96].  
 
The suspended community (water) and biofilm community (media) were significantly 
different despite that they were within the same ecosystem. Similar results were also 
observed in other ecosystems, such as water distribution systems and watershed [68, 97, 
98]. Such difference was probably attributed to the distinct biofilm formation related 
characteristics between microorganisms, such as extracellular polymeric substances (EPS) 




Hydrogenophaga was dominant in the water but not the biofilm in the drinking water 
distribution system [68], whereas it was found as one of the prominent population in the 
media samples (i.e., biofilm community) in the present study. This suggests that the 
difference between the suspended community and biofilm community may vary in 
different ecosystems, probably due to distinct intraspecies competition as the bacterial 
communities are different. 
 
The impact of biofilters on the microbiome in filter effluent was consistent with previous 
reports in the literature [14, 15]. Biofilters impact the water community through collecting 
biomass from the filter influent and shedding bacteria into the filter effluent. The former 
process appeared to be more important in our system, as exhibited by approximately 70% 
reduction in biomass concentration in the water from influent to effluent. Interestingly, 
there was very little change in community composition, suggesting that the probability of 
being filtered out was similar for all populations and that bacteria shed from the filter were 
a minor component of the effluent communities. Grouping bacteria based on their 
abundance and occupancy in different samples highlights the organism specific selection 
in collecting and shedding. ‘Influent specific’ bacteria like Limnohabitans were more likely 
to be captured by the biofilters than bacteria in other groups, whereas shedding from the 
biofilters was the primary source of ‘media specific’ and ‘media-effluent shared’ 
populations, such as Bdellovibrio and nitrifying bacteria (Nitrosomonas spp. and 
Nitrospira spp.), in the filter effluent (Fig. C-14 and C-15). Such selection was likely 




media surface, which are related to the bacterial physiological characteristics such as the 
cell size, EPS characteristics and cell surface hydrophobicity [99, 102].  
 
In summary, this study provides a comprehensive understanding of microbiome in 
biofilters. The bacterial community in the biofilters exhibited temporal and spatial 
variations due to the water quality changes over time and varied along the filter bed. The 
filter media type and the backwash strategy significantly impacted the bacterial 
community, which provides potential methods of managing the biofilters microbiome, 
possibly for better contaminant removal performance and opportunistic pathogen control. 
The biofilters can effectively remove biomass from the water, but only marginally impact 
the post-filtration bacterial community composition in the water, suggesting that the 
ecological impact of the biofilters should also be considered in the future biofilter design 
and operation. The work flow in the present study should be useful in analyzing the 
microbiome in other complex ecosystem, especially those containing both suspended and 
biofilm community, like riverbank and drinking water distribution system. Future research 
should explore the impact of other water quality parameters, such as DO, phosphate and 
nitrate, and upstream treatment processes on the biofilter bacterial community. Detailed 
functional analysis of metagenomes and metatranscriptomes is also recommended to 
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A key objective in ecology is to understand how biodiversity varies across space. Spatial 
patterns of bacterial communities often follow a distance-decay relationship in which 
community similarity decreases with geographic distance. Such a relationship has been 
commonly observed in a variety of natural ecosystems, such as freshwater, soil, and salt 
marshes, but not in engineered ecosystems. In this study, biogeographic patterns of the 
microbiomes in full-scale biofilters across North America were investigated. Bacterial 
abundance and community composition on the filter media samples (n=57) from biofilters 
at fourteen water treatment facilities across North America were determined by analyzing 
16S rRNA genes using real-time quantitative polymerase chain reaction and Illumina 
HiSeq high-throughput sequencing. Bacteria were abundant on the filter media (8.75 ± 0.29 
to 10.67 ± 0.18 log 16S rRNA gene copies/cm3 bed volume) and the bacterial communities 
were highly diverse (Shannon index: 5.30±0.06 to 8.43±0.01).  Significant inter-filter 
variations were observed that followed a weak, but highly significant, distance-decay 
relationship (z=0.00573±0.00058; P=1.78×10-22). Bacterial community composition 
correlated more strongly with the water quality characteristics at the time of media 




geographic distance according to a multiple regression on matrix analysis. A Mantel test, 
however, indicated that geographic distance was significantly correlated with all three 
water quality parameters (Pmantel < 0.05). This study has provided some novel insights into 





4.1  Introduction 
 
The effects of environmental variables and geographic distance on bacterial community 
composition in ecosystems in many natural environments, such as freshwater, soil, and salt 
marshes, have been well documented [93, 103–105]. Typically, bacterial community 
similarity decreases with geographic distance, which has come to be known as the distance-
decay relationship [106]. Such a relationship could be explained by differences in 
environmental variables, such as temperature, because these variables are often 
autocorrelated with geographic distance. Hence, this observed environmentally-driven 
distance-decay relationship for bacterial communities agrees with the Baas-Becking 
hypothesis wherein “everything is everywhere, but the environment selects”.  
 
Little is known about the biogeographic patterns of bacterial communities in engineered 
ecosystems. Previous studies have suggested that the microbiomes in wastewater treatment 
bioreactors followed a similar but weaker distance-decay relationship compared to natural 
ecosystems [107, 108]. Biofilters, which are granular media filters (i.e., sand, anthracite 
coal, and/or granular activated carbon) inhabited by viable bacteria, have been widely used 
for drinking water treatment since the 1800s [12]. There are more than 14,000 drinking 
water treatment systems in the United States using surface water as their source water, with 
most using biofiltration in their water treatment processes whether intentional or not (Safe 
Drinking Water Act, 1986). The microbiome in biofilters can be beneficial for degrading 




[10], and other micropollutants [11]. In addition, it is important to consider biofilters as 
part of the ‘source-to-tap’ microbiome, because biofilters influence the microbial 
communities in the finished water leaving the treatment facility [14]. Understanding 
bacterial biogeographic patterns in biofilters is important as it considers a new twist on the 
ecological question of nurture versus nature. Namely, which factors have a stronger 
influence on the microbial communities that develop in engineered biofilters, ‘nature’ 
factors such as the source water microbiome and water quality or engineering decisions 
(i.e., ‘nurture’ factors) such as the choice of filter media and prefiltration treatment 
operations. Such information could prove valuable for enhancing or maintaining biofilter 
performance as well as limiting potential negative effects of biofilters on treated water 
quality. 
 
In this study, the bacterial abundance and community composition of full-scale biofilters 
at fourteen drinking water treatment facilities across North America were investigated by 
quantifying 16S rRNA genes using real-time quantitative polymerase chain reaction 
(qPCR) and sequencing the V3 region of the 16S rRNA gene on the Illumina HiSeq 
platform. The effects of geographic location (i.e., inter-facility distance), contemporaneous 
water quality variables (e.g., pH, temperature, and dissolved organic carbon (DOC) 
concentration), and engineering decisions (e.g., media type and prefiltration ozonation 
application) on full-scale biofilter bacterial communities were evaluated. Finally, a 
multiple regression on matrix (MRM) analysis was performance to identify the relative 




4.2  Method 
 
4.2.1 Sample collection and DNA extraction 
 
Filter media samples were collected from full-scale filters at fourteen different water 
treatment facilities across North America. The biofilters were selected to provide a range 
of influent water qualities, media types (GAC or anthracite), and pre-filtration treatment 
processes (e.g., with and without ozonation; Table 4-1). All biofilters were initially 
sampled between March 2017 to June 2017 with five facilities (C, E, G, I, and J) sampled 
for a second time in August 2017. Influent water quality parameters, including pH, water 
temperature and influent DOC concentration, were also measured on the day of sample 
collection (Table 4-1). In total, 57 biofilter media samples (i.e., triplicate samples from 19 
sampling events) were collected. 
 
Triplicate filter media samples (approximately 0.5 g as wet weight each) were collected in 
sterile microcentrifuge tubes from the top 7.5 cm of each filter bed. All media samples 
were frozen and then shipped on ice to the laboratory via overnight carrier. The media 
samples were subjected to three consecutive freeze-thaw cycles to lyse the cells and then 
the genomic DNA was extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals, 
Solon, OH). Extracted DNA was stored at -20 °C until future use. After the DNA was 
extracted, the media in each microcentrifuge tube was removed, dried at 105 oC, and then 


















concentration (mg C/L) 
Source Water Coagulant 
A A CA 3/15/2017 GAC Yes 7.07 12.3 N/A1 Reservoir Aluminum2 
B B ON 5/15/2017 GAC Yes 7.73 13.8 4.03 River Aluminum 
C1 C TX 5/17/2017 GAC Yes 7.4 23.1 3.44 Lake Aluminum 
C2 C TX 8/8/2017 GAC Yes 7.48 28.9 3.67 Lake Aluminum 
D D TX 8/7/2017 GAC Yes 7.46 30.9 3.72 Lake Aluminum 
E1 E MI 6/5/2017 GAC Yes 9.3 21.1 4.26 
River with option 
for groundwater 
None 
E2 E MI 8/22/2017 GAC Yes 9.5 24.3 N/A 
River with option 
for groundwater 
None 
F F GA 6/12/2017 Anthracite Yes 6.83 19.3 1.2 Lake Ferric3 
G1 G MN 5/1/2017 GAC No 8.7 11.2 4.65 




G2 G MN 8/11/2017 GAC No 8.86 24 4.01 




H H VA 5/2/2017 Anthracite Yes 6.5 24 2.6 Reservoir Aluminum 
I1 I CO 6/6/2017 GAC No 7.26 15.1 2.56 Blended Ferric 
I2 I CO 8/2/2017 GAC No 7.5 17.9 2.2 Blended Ferric 
J1 J CO 6/6/2017 GAC No 6.63 11.3 2.18 Reservoir Ferric  
J2 J CO 8/2/2017 GAC No 6.48 14 2.09 Reservoir Ferric  
K K NC 6/13/2017 GAC Yes 8.09 25 3.45 River Aluminum 
L L NY 6/5/2017 GAC No 6.1 14.2 1.98 Reservoir Aluminum 
M M TX 6/13/2017 Anthracite Yes 6.9 N/A 3.28 Lake Ferric 
N N TX 6/13/2017 GAC Yes 7.5 N/A 3.24 Lake Ferric 
 
Note: 1. Not available; 2. Aluminum based coagulants include alum, polyaluminum chloride and aluminum sulfate; 




computed from the dry weights using typical media bulk density values and then the 
volumes were used for normalization of the qPCR results. 
 
4.2.2 Real-time quantitative polymerase chain reaction (qPCR) 
 
The 16S rRNA gene for Bacteria was used to quantify total bacterial biomass using real-
time quantitative qPCR (primers 341F and 518R) according to the protocols of LaPara et 
al. (2015)[13]. Standards for qPCR were prepared from serial dilution of synthetic double-
stranded DNA fragments (gBlocks) to develop calibration curves for quantification of gene 
copies in each sample. The censoring limit (CL) was defined as the lowest standard of a 
given qPCR assay that amplified (1100 copies per reaction), normalized by the volume (L) 
of the water sample or the bed volume (cm3) of the media sample used for DNA extraction. 
The detailed information of the gene targets and respective primer sequences and gBlock 
standards is shown in Table C-1. Pearson’s correlation test was conducted to determine if 
a statistically significant correlation existed between two results (e.g., gene concentration 
and water temperature). 
 
4.2.3 High-throughput 16S rRNA gene sequencing 
 
The DNA extract from each sample was amplified using PCR, purified, quantified, and 
then pooled by equal mass to create a library for sequencing, as previously described [13]. 




(V3 region) was performed on the Illumina HiSeq platform at the University of Minnesota 
Genomics Center (UMGC) using primers 341F and 534R [63]. Unprocessed sequence 
reads have been uploaded to Sequence Read Archive (accession PRJNA521294). 
 
The sequence reads were demultiplexed, trimmed, and filtered using QIIME2 (version 
2018.2). Amplicon sequence variants (ASVs) were determined using ‘DADA2’ [64, 65] 
and then assigned consensus taxonomy using SILVA rRNA database (release 128; [66]). 
A phylogenetic tree was generated using ‘FastTree2’ and the rooted using midpoint [67]. 
 
Both alpha (Shannon index) and beta (weighted UniFrac distance metrics) diversity were 
calculated using QIIME2 (pipeline: core-metrics-phylpenetic) after sequence libraries were 
randomly trimmed down to 100,000 sequences per profile. Principal coordinates analyses 
(PCoA) plots were made to visualize the weighted UniFrac distance metrics. The distance-
decay relationship was determined by comparing the weighted UniFrac similarities (S) and 
the differences in geographic distance (D) between the biofilters. The power-law exponent 
z value was estimated based on the log-transformed equation log(S) = constant-2zlog(D) 
using lm function in R, as previously described [104, 109]. Permutational multivariate 
analysis of variance (PERMANOVA) tests (999 permutations) were conducted using the 
adonis function in R software to determine the effects of contemporary environmental 
variables and engineering designs on the bacterial community. The dispersion of the 
bacterial community within a sample group was tested using the betadisper and permutest 





4.2.4 Multiple regression on matrix analysis  
 
A multiple regression on matrix (MRM) analysis was performed to identify the relative 
importance of geographic location, media type, prefiltration ozonation, and water quality 
parameters (pH, temperature and influent DOC concentration) on bacterial community 
composition in the full-scale biofilters. The coefficients (Bi) of the following linear MRM 
relationship were solved for using the ecodist package in R [105, 110]:  
𝑼𝒏𝒊𝑭𝒓𝒂𝒄 = 𝐵0 + 𝐵1 𝑫𝒔𝒕𝒅 + 𝐵2 𝒑𝑯 + 𝐵3𝑻𝒎 + 𝐵4𝑫𝑶𝑪𝒊𝒏𝒇 + 𝐵5 𝑴 + 𝐵6 𝑶    (4 − 1) 
where: Bi are the regression coefficients; UniFrac is the weight UniFrac distance matrix 
representing the bacterial community dissimilarity between samples; Dstd, pH, Tm and 
DOCinf are the standardized Euclidean distance matrices representing the normalized 
differences in the geographic distance between facilities, pH, temperature, and influent 
DOC concentration on the day of media sample collection, respectively; M and O are the 
distance matrices representing the differences in media type and ozonation between the 
biofilters, where a value of 1 indicates a different media type or ozonation condition and 0 
when it is the same. The p-value for each regression coefficient was also calculated. 
Parameters with no significant effect on the weighted UniFrac dissimilarity at the 95% 
confidence level were excluded from the final regression equation. Mantel’s correlation 
test (mantel function in ‘ecodist’ package in R; two-tailed) was also performed between 
the Dstd and pH, Tm and DOCinf to assess if there was a significant correlation between 




4.3  Results 
 
4.3.1 Quantification of total bacterial biomass 
 
The total bacterial biomass on the full-scale biofilter media ranged from 8.75±0.29 to 
10.67±0.18 log 16S rRNA gene copies/cm3 bed volume (Table 4-2). The 16S rRNA gene 
concentration correlated positively with pH and influent DOC concentration, with 
Pearson’s correlation coefficients of 0.59 (P=0.01) and 0.74 (P=0.00), respectively. No 
significant correlation was observed between the 16S rRNA gene concentration and water 
temperature (P=0.59). The total biomass in the biofilters was relatively stable over time as 
less than 0.5 log copies/cm3 bed volume difference in the 16S rRNA gene concentration 
was observed on the media samples collected three months apart from five selected 
biofilters (C, E, G, I, and J). 
 
4.3.2 Bacterial community composition in the full-scale biofilters 
 
The bacterial community composition on the filter media was determined using high-
throughput Illumina HiSeq sequencing of PCR-amplified 16S rRNA gene fragments. A 
total of 19,051,124 high quality sequences were obtained, which yielded 12,588 ASVs 





Table 4- 2. 16S rRNA gene concentration and Shannon index (Mean ± S. D.) for bacterial 




16S rRNA gene concentration 
(log copies/cm3 bed volume) 
Shannon  
Index 
A 10.05±0.17 6.50±0.33 
B 10.67±0.18 6.17±0.06 
C1 10.49±0.04 7.37±0.08 
C2 10.05±0.12 7.50±0.05 
D 10.02±0.06 7.16±0.04 
E1 10.09±0.02 6.56±0.04 
E2 10.02±0.06 6.58±0.10 
F 9.42±0.77 7.65±0.31 
G1 10.16±0.03 8.03±0.01 
G2 10.16±0.11 8.43±0.01 
H 8.75±0.29 7.66±0.00 
I1 9.40±0.02 5.73±0.08 
I2 9.68±0.05 5.30±0.06 
J1 9.21±0.03 6.67±0.04 
J2 9.26±0.04 6.48±0.28 
K 9.45±0.06 5.90±0.12 
L 9.16±0.09 5.95±0.06 
M 9.77±0.36 7.84±0.21 
N 10.02±0.06 7.60±0.08 
 
 
The bacterial communities in the full-scale biofilters were highly diverse. Shannon index 
values ranged from 5.30±0.06 (Biofilter I) to 8.43±0.01 (Biofilter G) (Table 4-2). No 
significant correlation was observed between Shannon index value and pH, temperature, 
or influent DOC concentration (P=0.60, 0.62, and 0.19, respectively). The bacterial 
community diversity was relatively stable over time as the differences in Shannon index 
values for the media samples collected from the same biofilters on the two sampling dates 





The most prominent genera in the biofilters were: unknown genera in Comamonadaceae, 
unknown genera in Sphingomonadales, Bradyrhizobium, and unknown genera in 
Blastocatellaceae (Fig. 4-1). These populations comprised on average 6.6%, 5.4%, 3.7% 
and 3.6% of the total bacterial community in all biofilter media samples, respectively, and 
these populations were detected in more than 98% of the media samples (Table D-1). Other 
prominent genera, such as Nitrospira and Hydrogenophaga, were also frequently detected 
but comprised on average less than 3% of the total bacterial community in the biofilters 
(Table D-1).  
 
PCoA plots revealed distinct clusters for each biofilter, suggesting that there were 
significant inter-filter variations in bacterial community composition (Fig. 4-2). Temporal 
variations in bacterial community composition were also observed by comparing media 
samples collected from the same biofilters three months apart but were relatively smaller 
than the inter-filter variations. Clustering in the PCoA plots also seemed to be affected by 
the geographic locations of the biofilters. For example, the community compositions of 
two biofilters located in Texas (M and N; Table 4-1) were relatively similar as indicated 
by the close proximity of the data points in the PCoA plots. Conversely, those data points 
were distant from points representing the communities in a biofilter in Michigan (E). Such 
observations suggested that geographic distance may also affect the bacterial community 
similarity in the biofilters. A statistically significant negative correlation (P=1.78×10-22) 
was observed between the weighted UniFrac similarity and the geographic distance 






Figure 4- 1. Bacterial community profiles of 26 most prominent genera and unclassified 
sequences represented in biofilter media samples. The abundant genera are those that 
comprised greater than 5% of total sequences in at least 3 of 57 samples in total that were 
collected in this investigation. The genera that are not considered as abundant genera are 
grouped in “others”. X-axis is the sample ID.   
 






































Figure 4- 2. PCoA plots (A: PCo1 vs PCo2; B: PCo1 vs. PCo3) based on weighted 
UniFrac distances showing the variations in bacterial communities in the full-scale 
biofilters. Biofilter IDs are labeled in different color. Open symbol represents the result 
from a repeating sample collected from the same biofilter three months apart.  
 
 
Figure 4- 3. Distance-decay relationship for the bacterial communities in the full-scale 
biofilters. Each circle represents the pairwise weighted UniFrac similarity of the bacterial 
communities on two media samples.  
 

















































































PCo1 (19.8% variance explained)
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𝑙𝑜𝑔(𝑆) = −(0.259 ± 0.010) − 2 × (0.00573 ± 0.00058)𝑙𝑜𝑔(𝐷)  




PERMANOVA tests indicated that the contemporaneously obtained water quality 
parameters (i.e., pH, temperature, and influent DOC concentration), media type and 
upstream ozonation had statistically significant effects on the bacterial community 
composition (Padonis<0.05; Table 4-3). The dispersions of the bacterial communities were 
significantly different on the GAC and anthracite media and with and without prefiltration 
ozonation (Pbetadisper<0.05; Table 4-3), which may confound the PERMANOVA results. 
Among these five parameters, temperature explained most of the variation in bacterial 
community composition, with R2adonis of 0.135. Still, 53.0% of the variation in the bacterial 
community composition was not explained, as indicated by the PERMANOVA results 
(Table 4-3).  
 
Table 4- 3. Results from PERMANOVA (permutation =999) tests employed to test 
statistically significant effects of media type, ozonation, and contemporary environmental 
variables (pH, temperature, and influent DOC concentration) on the bacterial community 
in biofilters. 
 
 R2adonis Padonis Pbetadisp 
Media type (GAC vs. Anthracite) 0.067 0.001 0.001 
Ozonation  0.086 0.001 0.040 
pH 0.095 0.001 0.167 
Temperature 0.135 0.001 0.744 
Influent DOC concentration 0.086 0.001 0.175 








4.3.3 Multiple regression on matrix (MRM) analysis to identify the relative 
importance of the factors affecting the bacterial community in the full-scale 
biofilters. 
 
Two factors had coefficients that were not statistically significant at the 95% confidence 
level in the MRM analysis: media type (B5; P=0.373) and ozonation application (B6; 
P=0.688). After excluding these insignificant parameters, a final regression relationship 
was obtained as shown in Eq. 4-2 (permutation=999, p=0.001, R2 =0.446).  
𝑼𝒏𝒊𝑭𝒓𝒂𝒄 = 0.533 + 0.053 × 𝑫𝒔𝒕𝒅 + 0.037 × 𝒑𝑯 + 0.038 × 𝑻𝒎 + 0.012 × 𝑫𝑶𝑪𝒊𝒏𝒇  (4 − 2) 
A comparison of observed weighted UniFrac dissimilarity values and those computed 
using Eq. 4-2 is shown in Fig. 4-4. The correlation coefficient (R2) of 0.446 indicates that 
44.6 % of the variance in weighted UniFrac dissimilarities between the bacterial 
communities in the full-scale biofilters can be explained by this regression relationship. 
 
The coefficients for Dstd, pH, Tm and DOCinf were all positive, indicating that, as expected, 
greater discrepancies in the geographic distance or contemporaneous environmental 
variables increased the dissimilarities of the bacterial communities between the biofilters. 
The relative importance for a factor of interest is identified by comparing the values of the 
regression coefficients, which represent the variations in the community dissimilarity per 
normalized unit of the difference in each factor. Among all abovementioned factors, 
geographic distance contributed the largest regression coefficient (0.053), with pH, Tm and 




respectively). The Mantel test indicated that the geographic distance was significantly 
correlated with all three water quality parameters (Pmantel < 0.05; Table D-2).  
 
Figure 4- 4. Comparison of the estimated weighted UniFrac dissimilarities computed using 
empirical relationship developed in the present study to the observed values. The black 
line represents the 1:1 ratio. The correlation coefficient (R2) equals to 0.446, meaning 44.6% 
of the variations in the weighted UniFrac dissimilarities can be explained by using this 
relationship. 
  




































4.4  Discussion 
 
This study provided a comprehensive investigation of the bacterial communities in fourteen 
full-scale biofilters across North America. The effects of geographic distance, water quality 
parameters, and engineering decisions on the bacterial community composition were 
evaluated. Further, the relative importance of each of these factors on the inter-filter 
variation in community composition was determined using MRM analysis. These findings 
study should improve our understanding of bacterial geographic patterns in engineered 
ecosystems.   
 
Bacterial abundance in the biofilters varied with water quality conditions. Positive 
correlations between the total biomass level and influent DOC concentration were expected 
because higher DOC concentration should be beneficial for growth of the mesophilic 
heterotrophic bacteria that tend to dominate the communities in biofilters [78]. The positive 
correlation with pH is less clear, but may be attributed to enhanced hydrolysis of total 
organic carbon at higher pH, which increased the assimilable organic carbon level for 
bacterial growth [111]. Bacterial abundance did not vary significantly over time, which 
was similar with our previous observations in the pilot-scale biofilters (Chapter 3). 
Nevertheless, the biofilters were only sampled twice and just a few months apart, so our 
investigation of temporal (i.e., seasonal) changes in biomass levels is severely limited. It is 
important to note that the biomass level in the filter media was likely influenced by both 




here, which used only the water quality data measured on the day of sample collection, 
does not account for the effects of historical water quality conditions. It is expected that 
the water quality in the few weeks to perhaps few months preceding our sampling may 
have also impacted the bacterial abundance and community composition in the biofilters.  
 
The biofilter communities shared similarity with other natural and engineered ecosystems. 
The prominent classified genera, such as Bradyrhizobium, Nitrospira, and, 
Hydrogenophaga, are commonly found in freshwater environments [73], soil [74], and 
water distribution systems [68, 112]. Bacteria from genera that include opportunistic 
pathogens (e.g., Legionella and Mycobacterium; [77]) were also detected in the biofilters 
as minor populations (Fig. D-1), comprising less than 0.1% of the total community. 
Considering the biofilter microbiome as an integral part of the source-to-tap microbiome, 
the present of these genera in the biofilters represents a potential risk to drinking water 
safety and public health. 
 
The z value for the distance-decay relationship for the microbiome in the biofilters 
(0.00573±0.00058) was much lower than z values obtained for ecosystems in natural 
environments, like salt marshes and freshwaters, which were typically greater than 0.02 
[103, 105, 109]. This was expected because bacterial communities in biofilters are 
influenced by the ‘terroir’ or the conditions in the local aquatic environment such as the 
microbiome in the source water as well as engineering design decisions (i.e., filter media 




environments such as a lake or river, should exhibit a strong distance-decay relationship as 
observed for other natural ecosystems. The use of similar pretreatment procedures in 
drinking water facilities, such as coagulation, flocculation, and sedimentation, as well as 
similar biofilter operational designs and conditions (media type and backwash strategy; 
Chapter 3), however, can re-shape the bacterial communities in the source water and reduce 
the natural biogeographic heterogeneity. Similar results have been observed in other 
engineered systems, such as activated sludge bioreactors in wastewater treatment plants 
[107, 108]. 
 
Combining statistical analyses like PERMANOVA and MRM, this study provided novel 
insights into the relative importance of geographic location (i.e., distance), water quality 
parameters, and engineering design decisions on the bacterial community dissimilarity in 
biofilters. The contemporaneously measured water quality parameters (i.e., pH, 
temperature, and DOC concentration) and geographic distance had strong effects on 
bacterial community composition, which was similar to previous studies on various natural 
and engineered ecosystems [105, 107, 113]. Although geographic distance had the highest 
regression coefficients in the MRM analysis, the water quality factors were stronger than 
the effect of geographic distance when considering all three water quality parameters 
together (MRM regression coefficient: 0.087 vs. 0.053). This was expected because the 
geographic distance effect is often diminished in engineered ecosystems, as previously 
discussed. Furthermore, geographic distance was auto-correlated with the 




geographic distance in the MRM analysis was likely to be overestimated, which agreed 
with previous observations [107, 113]. Still, evaluation of the geographic distance effect 
was valid because the biofilters were isolated ecosystems, meaning the ecological 
dispersions were likely to be limited [113, 114]. And it also accounted for other 
unmeasured water quality parameters, historical conditions, and contingencies [105, 107].  
 
Among all three contemporary environmental variables, temperature contributed the most 
variation in the bacterial communities, which was supported by both PERMANOVA and 
MRM analyses. Combining all abovementioned factors, still more than 50% variance in 
the bacterial community was not explained. It is important to note that the analyses here 
only included the effect of contemporaneous water quality conditions. The unaccounted 
variance was likely attributed to historical water conditions and pre-filtration treatment 
procedures, and other unmeasured water quality parameters, such as dissolved oxygen, 
inorganic nutrients (e.g., phosphorous, nitrogen) and natural organic matter composition 
[115]. A significant effect of media type and ozonation was indicated by the 
PERMANOVA results (Padonis<0.05) but not by the MRM analysis, which agreed with our 
hypothesis that the significant different dispersions between different media type or 
ozonation application confounded the PERMANOVA results. The effect of media type on 
the bacterial communities was previously observed in bench-scale and pilot-scale studies 
[15, 116]. More research is needed to evaluate the effects of other engineering designs on 





In summary, this study provides a comprehensive understanding of biogeographic patterns 
of the bacterial communities in full-scale biofilters across North America. The bacterial 
communities were highly diverse and exhibited inter-filter variations. A significant but 
weak distance-decay relationship was observed by comparing the weighted UniFrac 
similarity and the geographic distance between the water treatment facilities. The 
contemporaneous water quality factors, including pH, temperature, and influent DOC 
concentration, had a significant and stronger impact on the bacterial communities 
compared to the geographic distance, even considering that the water quality and 
geographic distance were autocorrelated. Future research should explore the effects of 
historical water quality conditions on the bacterial communities in biofilters. Analyses of 
metagenomes and metatranscriptomes would also be useful for elucidating any geographic 
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Multi-scale investigation of nitrifying microorganisms in biofilters  
 
The presence and dynamics of nitrifying microbial community, including ammonia 
oxidizing bacteria (AOB) and archaea (AOA), and nitrite oxidizing bacteria (NOB), were 
investigated in full-scale biofilters in fourteen drinking water treatment facilities across 
North America and in pilot-scale biofilters that were operated at a drinking water treatment 
facility for 18 months. The abundance of AOA and AOB were quantified by using real-
time quantitative polymerase chain reaction (qPCR) targeting ammonia monooxygenase 
subunit A (amoA) gene, and nitrifying bacterial community composition was investigated 
by sequencing 16S rRNA gene (V3 region) on Illumina HiSeq platform. Our results 
demonstrated that Nitrosomonas oligotropha-like AOB were generally more abundant than 
AOA in the full-scale biofilters (mean concentration: 5.1±1.5 vs. 3.6±1.2 log amoA gene 
copies/cm3 bed volume) and in the pilot-scale biofilters (mean concentration: 6.7±0.7 vs. 
3.6±0.7 log amoA gene copies/cm3 bed volume). The abundance of N. oligotropha-like 
AOB exhibited temporal variations in the pilot-scale biofilters, which increased with 
influent ammonia concentration. Although N. oligotropha-like AOB were effectively 
removed (58±44% on average) by the pilot-scale biofilters for most of the operation, 
shedding from the biofilters periodically served as the primary source of the AOB and 




AOB concentration in the biofilters was high (> 7 log amoA-AOB gene copies/cm3 bed 
volume). For samples with a relatively high abundance of uncultured Nitrosomonadaceae 
(i.e., most full-scale biofilter media samples) in the AOB communities, the qPCR assay 
targeting amoA-AOB gene seriously underestimated the abundance of bacteria currently 
known as AOB. The NOB/AOB ratios exceeded the theoretical ratio for conventional two 
step nitrification (0.5) in most full-scale biofilters (12 of 14 biofilters) and in the pilot-scale 
biofilters for most of the operation. This study provides a comprehensive understanding of 







Nitrification, the process by which microorganisms oxidize ammonia to nitrate, is an 
important step in the biogeochemical nitrogen cycle. Conventional nitrification consists of 
two steps carried out by two different microbial populations: oxidation of ammonia to 
nitrite by ammonia-oxidizing bacteria (AOB) or archaea (AOA) and oxidation of nitrite to 
nitrate by nitrite-oxidizing bacteria (NOB). AOB are among the genus Nitrosococcus and 
family Nitrosomonadaceae, including the genera Nitrosomonas and Nitrosospira [117, 
118]. Most known AOA belong to the phylum Thaumarchaeota with genus level 
phylogenetic information being very limited [119]. Bacteria of the genera Nitrospira, 
Nitrolancea, Nitrotoga, Nitrococcus, Nitrospina and Nitrobacter are capable of nitrite 
oxidation [120, 121]. Recent studies have shown that some Nitrospira spp. are capable of 
complete nitrification of ammonia to nitrate (i.e., comammox) [122, 123].  
 
Rapid granular media filters inhabited by viable bacteria are termed biologically-active 
filters or biofilters. Biofiltration is not a new concept, as biofilters operated at low filtration 
rates, termed slow sand filters, have been used for water treatment since the 1800s [12]. 
The presence of nitrifying bacteria in water treatment biofilters can affect water quality by 
not only oxidizing ammonia to nitrite and nitrate but also by degrading organic 
contaminants, including trihalomethanes, trimethoprim, and estrogenic compounds (e.g., 
estrone and estriol) [53, 124, 125]. Water treatment facilities that use chloramine as 




primarily because they can cause rapid chloramine decay in water distribution systems and 
associated risks to drinking water safety and public health [16, 17]. Hence, an improved 
understanding of nitrifying microorganisms in biofilters and their ability to be mobilized 
from the filter media into the filtrate is needed. 
 
A multi-scale study was performed to investigate factors that affect the abundance and 
community composition of nitrifying microorganisms in water treatment biofilters. Pilot-
scale experiments were performed to assess temporal dynamics and effects of filter 
operation on nitrifying microbial communities and the export of nitrifiers into the filter 
effluent.  In addition, media was collected from fourteen full-scale biofilters across North 
America to assess the validity of results from the pilot-scale investigation. The abundance 
of AOA and AOB were quantified using real-time quantitative polymerase chain reaction 
(qPCR) targeting ammonia monooxygenase subunit A (amoA) gene in archaea and 
bacteria, respectively, and nitrifying community composition was investigated by 
sequencing the V3 region of the 16S rRNA gene on Illumina HiSeq platform. The potential 
biases of qPCR assays for quantifying AOB were evaluated by comparing the qPCR results 
and DNA sequencing results. Finally, the abundance of NOB and its relationship with AOB 






5.2.1 Sample collection and DNA extraction 
 
Full-scale biofilter media sampling. Filter media samples were collected from fourteen 
full-scale drinking water treatment biofilters across North America. The biofilters were 
selected to provide a range of influent water qualities, media types (GAC and anthracite), 
and pre-filtration treatment processes (e.g., with and without ozonation), as described in 
Chapter 4 (Table 4-1). Triplicate media samples (approximately 0.5 g as wet weight) were 
collected in sterile microcentrifuge tubes from the top 7.5 cm of each filter bed between 
03/2017 to 06/2017. In total, 42 biofilter media samples were collected for analyzing 
nitrifying microorganisms. The ammonia concentrations were provided by the 
participating drinking water treatment facilities (detection limit=0.1 mg N/L). 
 
Pilot-scale biofilter design and media sampling. A pilot-scale biofiltration system was 
constructed at the Minneapolis Water Treatment and Distribution services (MWTDS) 
Fridley facility, in Fridley, Minnesota, USA, as described in Chapter 2 (Fig. 2-1). In brief, 
water from the full-scale recarbonation chambers was used as the feed water for the pilot 
plant. The water was adjusted to pH 8.5 using hydrochloric acid, coagulated using 2 mg/L 
(as Fe) ferric chloride and then settled for 1 to 2 hours before entering the biofilter columns. 
Although eight biofilter columns were operated in parallel for 18 months, only six columns 




biofilters. Media samples (about 0.5 g as wet weight) from four different depths (top, 
0.15m., 0.30 m and 0.45m) in all biofilter columns were collected monthly into sterile 
microcentrifuge tubes. Corresponding pre-and post-filtration water samples (1 L) were also 
collected in pre-sterilized polypropylene bottles. In total, 96 media samples and 117 water 
samples were collected from the pilot-scale biofilters. The water temperature was measured 
daily during weekdays. The ammonia in water samples were determined weekly according 
to EPA method 350.1 from 09/2015 to 01/2017. The nitrite and nitrate concentrations in 
water samples were determined weekly according to EPA method 353.2 from 09/2015 to 
11/2015 and 04/2016 to 11/2016. 
 
Sample preparation and DNA extraction. All water and media samples collected from 
the pilot-scale biofilters were transported on ice to the laboratory. All media samples 
collected from the full-scale biofilters were frozen and then shipped on ice to the laboratory 
via overnight carrier. The water samples were filtered through pre-sterilized nitrocellulose 
filters (diameter = 47 mm; pore size = 0.2 µm) within 2 hours of the sample collection. The 
nitrocellulose filters and media samples were then submerged in 0.6 mL lysis buffer (120 
mM sodium phosphate, 5% SDS, pH 8.0), subjected to three consecutive freeze-thaw 
cycles and incubated at 70 oC for 90 minutes. Then, genomic DNA in each sample was 
extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals, Solon, OH). Purified 
DNA was stored at -20°C until future use. After extraction, the media samples in the 
microcentrifuge tubes were removed, dried at 105 oC, and then weighed to obtain the dry 




weights using typical media bulk density values and then the volumes were used for 
normalization of the qPCR results. 
 
5.2.2 Real-time quantitative polymerase chain reaction (qPCR) 
 
Real-time quantitative qPCR was used to detect and quantify three genes of interest [126–
128]: The 16S rRNA gene for Bacteria that was used to quantify total bacterial biomass, 
and the amoA gene for AOA (amoA-AOA gene) and AOB (amoA-AOB gene) that was 
used to quantify AOA and Nitrosomonas oligotropha-like AOB. All media samples were 
subjected to qPCR measurement using the protocols of LaPara et al., (2015)[13]. Standards 
for qPCR were prepared from serial dilution of synthetic double-stranded DNA fragments 
(gBlocks) to develop calibration curves for quantification of gene copies in each sample. 
The censoring limit (CL) was defined as the lowest standard of a given qPCR assay that 
amplified (1100 copies per reaction for 16S rRNA gene, 6.33 copies per reaction for amoA 
gene), normalized by volume (L) of the water sample and the bed volume (cm3) of the 
media sample used for DNA extraction. The detailed information of the gene targets and 
respective primer sequences and gBlock standards is shown in Table C-1 and E-1. A two-
sample t-test was used to determine if there was a significant difference between amoA-
AOB gene and amoA-AOA gene concentrations, and if there was a significant difference 
in gene concentrations in different samples collected from the pilot-scale biofilters on each 




correlation tests were conducted to determine if a statistically significant correlation existed 
between two results (e.g., gene concentration and ammonia concentration). 
 
5.2.3 High-throughput 16S rRNA gene sequencing 
 
The DNA extract from each sample was amplified using PCR, purified, quantified, and 
then pooled by equal mass to create a library for sequencing, as previously described [13]. 
Next generation high-throughput sequencing of PCR-amplified 16S rRNA gene fragments 
(V3 region) was performed on the Illumina HiSeq platform at the University of Minnesota 
Genomics Center (UMGC) using primers 341F and 534R [63]. Unprocessed sequence 
reads have been uploaded to Sequence Read Archive (accession: PRJNA521294 (full-scale 
biofilter media) and PRJNA515121 (pilot-scale biofilter media)). 
 
The sequence reads were demultiplexed, trimmed, and filtered using QIIME2 (version 
2018.2). Amplicon sequence variants (ASVs) were determined using ‘DADA2’ [64, 65] 
and then assigned consensus taxonomy using SILVA rRNA database (release 128) [66]. 
The concentrations of Nitrosomonas-like, AOB-like and NOB-like ASVs were determined 
by multiplying their respective relative abundance values (i.e., the ratio of the number of 
respective ASVs detected to the total number of sequence reads) from the DNA sequencing 
results by the 16S rRNA gene concentrations measured via qPCR. Paired t-test was used 
to determine if there was a significant difference in gene concentrations between the pilot-




dissimilarity in AOB communities between samples were calculated using ‘vegan’ package 
after sequence libraries were randomly trimmed down to 1,000 sequences per profile. 
Principal coordinates analyses (PCoA) plots were made to visualize the Bray-Curtis 







5.3.1 Concentration of ammonia, nitrite and nitrate in filter influent and effluent 
 
In the full-scale investigation, influent ammonia concentrations were lower than the 
detection limit (0.1 mg N/L) for all biofilters on the day of sample collection. In the pilot-
scale investigation, water temperature ranged from 3 to 28 oC. Ammonia concentrations in 
the filter influent ranged from below detection limit (0.015 mg N/L) to 0.131 mg N/L, with 
a mean of 0.048±0.029 mg N/L (Fig. E-1-A). The mean removal of ammonia in pilot-scale 
GAC-sand and anthracite-sand biofilters were 68.6±24.1% and 50.8±37.0% (Fig. E-2). No 
significant difference (P=0.41; Paired t-test) was observed between the GAC-sand and 
anthracite-sand biofilters for most of the operation, except during November 2015 to March 
2016, when a significantly higher ammonia removal was observed in the GAC-sand 
biofilters (P=1.9×10-4; Paired t-test). Nitrite concentrations in most pre-filtration water 
samples (32 of 36 samples) collected from the pilot-scale biofilters were below the 
detection limit (0.015 mg N/L; Fig. E-1-B). Nitrate concentration in the filter influent were 
relatively stable over time (mean±S.D.: 0.97±0.51 mg N/L), with a periodically spiking 
concentration (up to 2.28 mg N/L) observed in June 2016 (Fig. E-1-C).  
 





The concentrations of amoA-AOB and amoA-AOA genes varied from 3.3±0.3 to 7.2±0.1 
log copies/cm3 bed volume and below the CL to 6.5±0.1 log copies/cm3 bed volume, 
respectively (Fig. 5-1). Media from biofilters E, G and J had high concentrations of N. 
oligotropha-like AOB but low concentrations of AOA. Media from biofilter I was unusual 
in that it was the only sample with significantly higher AOA than AOB (5.9±0.2 vs. 5.2±0.1 
log amoA gene copies /cm3 bed volume; P=0.006). Media samples from some facilities 
(e.g., C, D, H, and L) had relatively low levels of both AOB and AOA, suggesting minimal 
capacity for microbial nitrification. The normalized results (i.e., the ratio of amoA genes to 
16S rRNA genes) show that while ammonia oxidizers can account for as much as 1% of 
biofilter communities, they typically represent 0.01% or less (10 of 14 biofilters; Fig. E-3).  
 
 
Figure 5- 1. Concentrations of amoA-AOB gene and amoA-AOA gene on full-scale 
biofilter media samples. X-axis is the biofilter ID. Open symbols indicate that the results 
are below the censoring limit. 

























































The AOB concentration (i.e., amoA-AOB gene concentration) on the media samples 
collected from the top of the pilot-scale GAC-sand and anthracite-sand biofilters ranged 
from 5.4±0.2 to 7.8±0.2 and 5.2±0.1 to 7.6±0.4 log copies/cm3 bed volume, respectively, 
comprising on average 1.2±1.6% and 1.7±3.7% of the total biomass, respectively (Fig. 5-
2 and E-4). No significant difference (Padj>0.05) in the amoA-AOB gene concentrations on 
the GAC and anthracite media samples was observed on most sampling dates, except on 
03/30/2016, when a significantly higher concentration was observed on the GAC media 
(Padj=0.01). The AOB concentrations were positively correlated with the ammonia 
concentration in the filter influent in the GAC-sand and anthracite-sand biofilters 
(Pearson’s correlation: 0.53 (P=0.05) and 0.68 (P=0.01), respectively) but negatively 
correlated with the water temperature (Pearson’s correlation: -0.63 (P=0.02) and -0.52 
(P=0.05), respectively). The mean concentrations of amoA-AOB genes in the media 
samples decreased with depth in the biofilters (Fig. E-5), with a mean reduction of 0.6±0.6 
and 0.7±0.7 log copies/cm3 bed volume for every 0.15 m of depth increase in the GAC-
sand and anthracite-sand biofilters, respectively. The amoA-AOA gene concentrations 
were much lower than the amoA-AOB gene concentrations (approximately 2-3 log copies 






Figure 5- 2. amoA-AOB gene concentrations on media samples collected from the pilot-
scale GAC-sand (blue solid line) and anthracite-sand (green solid line) biofilters. Red 
dashed line represents the water temperature. Black dashed line represents the influent 
ammonia concentration. All gene concentrations are above censoring limits. Error bars 
represent the standard deviation computed from triplicate samples.  
 
amoA-AOB genes were also detected in the filter influent, and filter effluent from GAC-
sand and anthracite-sand biofilters, ranging from 3.3±0.4 to 5.1±0.1, 2.7±0.3 to 5.2±0.1, 
and 3.0±0.2 to 5.2±0.1 log copies/L, respectively (Fig. 5-3). The GAC-sand and anthracite-
sand biofilters effectively removed AOB (64±22% and 48±56% on average, respectively) 
from the filter influent on most sampling dates, expect on a few dates in the winter (e.g., 
02/09/2016 and 01/04/2017), when higher concentrations of amoA-AOB gene were 
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Figure 5- 3. amoA-AOB gene concentration in the filter influent and filter effluent from the 
pilot-scale GAC-sand and anthracite-sand biofilters. Error bars represent the standard 
deviation computed from triplicate samples. 
 
5.3.3 Ammonia oxidizing bacterial communities in the biofilters 
 
AOB-like ASVs from family Nitrosomonadaceae (612 different ASVs) were consistently 
detected in the full-scale and pilot-scale drinking water treatment biofilters according to 
the DNA sequencing results (Fig E-7). Other AOB, such as genera Nitrosococcus, were 
not detected. Genus Nitrosomonas and uncultured population in family 
Nitrosomonadaceae were the most prominent population in AOB, comprising a total of 
97.5±4.6 % of the communities. The concentration of Nitrosomonas-like ASVs in the pilot-
scale biofilter media samples increased with ammonia concentration and decreased with 
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5-2). The abundance of uncultured Nitrosomonadaceae, however, was relatively stable 
throughout the entire course of the experiment, showing no significant correlation with 
influent ammonia concentration (P>0.05; Pearson’s correlation; Fig. E-8). Interestingly, 
the abundance of uncultured Nitrosomonadaceae appeared to be affected by media type, 
as concentrations on the GAC media were significantly higher than those on the anthracite 
media (P=1.3×10-5; paired t-test). 
 
PCoA plots were prepared to visualize the difference in AOB communities between filter 
influent, biofilter media and filter effluent in the pilot-scale GAC-sand and anthracite-sand 
biofilters (Fig. 5-4). The separation between water samples and media samples in the PCoA 
plots suggests that the AOB communities in the water samples and the media samples were 
different. Furthermore, the close proximity of filter influent and effluent suggested that 
those communities were similar. Filter effluent was relatively closer to biofilter media 
compared to filter influent in the PCoA plot, especially when the water was cold (e.g., 
02/09/2016 in Fig. 5-4). Bray-Curtis similarities of AOB communities between filter 
influent, biofilter media, and filter effluent were also compared (Fig. E-9). Relatively 
higher similarity values were observed between the biofilter media and filter effluent than 
between the media and filter influent. The similarity values between the filter influent and 
effluent were higher than those between media and water on most sampling dates, except 
on a few dates in the winter (e.g., 02/09/2016 and 01/04/2017), when higher similarity 






Figure 5- 4. PCoA plots based on Bray-Curtis dissimilarity showing the variations in the 
ammonia oxidizing bacterial communities in the filter influent, biofilter media and filter 
effluent collected from the pilot-scale GAC-sand (A) and anthracite-sand (B) biofilters. 
Different color represents the sampling date in the pilot-scale investigation. 
 
The theoretical ratio of amoA-AOB gene to 16S rRNA gene ranged from 0.13 to 3.0, 
considering that AOB contain 2-3 copies of the amoA-AOB gene and 1-15 copies of the 
16S rRNA gene per genome [118, 127, 129–131]. The ratios of amoA-AOB genes to 
Nitrosomonas-like ASV ranged from 0.04 to 14.2 (mean of 0.91) and were within the 
theoretical range for 95 out of 138 media samples collected from the full-scale and pilot-
scale biofilters (Fig. 5-4-A). The ratios of amoA-AOB genes to AOB-like ASV in the pilot-
scale biofilter media (range: 0.07 to 5.36; mean: 1.29) also generally fell within the 
theoretical range (Fig. 5-4-B). The ratios of amoA-AOB genes to AOB-like ASV for the 
full-scale biofilters (range: 5.4×10-7 to 0.20; mean: 0.03), however, generally were below 
the lower limit of the theoretical ratio.  
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Figure 5- 5. Comparison of amoA-AOB gene concentration measured using qPCR and 
abundance of Nitrosomonas-like ASV (A) and AOB-like ASV (B) according to DNA 
sequencing results. Region between dashed lines represents the range of theoretical ratio 
of amoA-AOB gene to 16S rRNA gene in AOB.  
 
5.3.4 Comparison of NOB and AOB in the biofilters 
 
ASVs from the genera Nitrospira, Nitrolancea, and Candidatus Nitrotoga, were the only 
known NOB detected in the full-scale and pilot-scale biofilters (78 different ASVs), with 
Nitrospira being the most abundant, representing 100.0±0.3% (mean ± standard deviation) 
of the NOB. The NOB-like ASV concentrations in the full-scale biofilters ranged from 
5.3±0.1 to 7.8±0.4 log copies/cm3 bed volume, comprising on average 2.5±1.9% of the 
total community (Fig. E-10-A). The NOB-like ASV concentrations were relatively stable 
in the pilot-scale GAC-sand biofilters after the first 2 months of operation, ranging from 
7.1±0.0 to 8.0±0.2 log copies/cm3 bed volume, comprising on average 3.1±2.1% of the 
total community (Fig. E-10-B). The NOB-like ASV concentrations in the pilot-scale 
anthracite-sand biofilters were similar to those in the GAC-sand biofilters for most of the 
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18-month operating period, except during 03/2016 to 08/2016, when significantly lower 
concentrations were observed in the anthracite-sand biofilters (Fig. E-10-B).  
 
The ratio of NOB to AOB in the full-scale biofilter media samples ranged from -0.7±0.2 
to 0.4±0.0 (log10 mean±S.D.; Fig. 5-6-A). The values for all media samples, except those 
from Biofilter B and C, exceeded the theoretical ratio of -0.3 (i.e., 10-0.3 = 0.5) for 
conventional two step nitrification [132, 133]. Despite variations in the NOB/AOB ratio, 
the NOB-like ASV concentration correlated positively with the AOB-like ASV 
concentration (Pearson’s correlation: 0.49; P=0.00) in the full-scale biofilters. The 
NOB/AOB ratio values ranged from -0.9±0.2 to 1.1±0.2 (log10 mean±S.D.) in the pilot-
scale GAC-sand biofilters and exhibited temporal variations (Fig. 5-6-B), increasing with 
temperature and decreasing with influent ammonia concentration (Pearson’s correlation: 
0.6 (P=0.03) and -0.6 (P=0.03), respectively). A similar trend was observed in the pilot-
scale anthracite-sand biofilters (Fig. 5-6-B), but the correlation coefficients with 
temperature and ammonia concentration were not significantly different from zero at the 
95% confidence level (P=0.60 and 0.18, respectively). The NOB/AOB ratios in the pilot-
scale biofilters exceeded the theoretical ratio for most of the operation, except during 





Figure 5- 6. Ratio of NOB to AOB for the full-scale biofilter media samples (A) and pilot-
scale biofilter media samples over time (B) according to DNA sequencing results. Black 
dashed line represents the theoretical ratio of NOB to AOB (0.5) for a conventional two-
step nitrification. X-axis in A is the biofilter ID. Error bars in B represent the standard 
deviation computed from triplicate samples. 
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A unique aspect of this study was the combination of a full-scale biofilter media sampling 
campaign and an 18-month pilot-scale experiment involving monthly sampling of the filter 
media and water. The pilot-scale experiment was suitable to investigate the variations and 
dynamics of nitrifying communities in biofilters, but it may not fully represent the 
conditions of full-scale biofilters as the conditions, such as water qualities and treatment 
procedures, varied from system to system. Our results demonstrated that although results 
from the pilot-scale investigation were mostly similar to the full-scale investigation (e.g., 
the concentrations of AOB and AOA, and the NOB/AOB ratios), there were some 
discrepancies between the investigations at different scales. For examples, an agreement 
between amoA-AOB gene abundance and Nitrosomonadaceae-like ASV concentration 
was observed in our pilot-scale investigation, but not in the full-scale investigation (Fig 5-
5-B). Interpretation of the results based on the pilot-scale study alone may lead to biased 
conclusion about the viability of the qPCR assays targeting amoA-AOB genes in 
quantifying AOB. The complementarity of full-scale and pilot-scale investigation in this 
study ensured a comprehensive understanding of nitrifying microbial communities in 
biofilters. 
 
In general, AOB was more abundant than AOA in most full-scale biofilters and the pilot-
scale biofilters, according to the qPCR results targeting amoA genes. The dominance of 




controversial according to previous studies. [13, 134–137]. Theoretically, AOA should 
have an advantage in the biofilters, considering that surface waters normally contain very 
low concentrations of ammonia and AOA have a much higher affinity for ammonia than 
AOB [138]. One possible explanation for the predominance of AOB in the biofilters is that 
AOA are believed to form weaker biofilms than AOB, hence, AOA are more likely to be 
washed out from the biofilter media during backwashing [134, 137].  
 
Temporal variations in AOB concentration in the pilot-scale biofilters were related to 
influent water quality and mainly the influent ammonia concentration. Previous studies 
suggested that AOB growth correlated with increasing temperature (12 to 22 oC) and 
increasing free ammonia concentration [139, 140]. In our pilot-scale system, AOB 
concentration on the media positively correlated with influent ammonia but negatively 
correlated water temperature, as the highest ammonia concentrations were observed in the 
winter months. Despite the higher AOB concentration in the biofilters, the nitrifying 
bioactivity was still relatively low in the winter, as indicated by the ammonia removal (Fig. 
E-2). In fact, the highest ammonia removal was normally observed in the early spring 
(March to June) and later summer (September to November) in our system, when there was 
moderate amount of AOB in the biofilters and the temperature was still high enough to 
keep them activated (Fig. E-2). This result suggests that temperature only matters when 
there is sufficient ammonia available to support the growth of nitrifiers. Higher 
concentrations of AOB were observed in the pilot-scale GAC-sand biofilters than 




due to the catalytical reduction of chloramine in the backwash water (i.e., tap water, 
contained 2-4 mg Cl2/L chloramine) by the GAC media, which provided ammonia for AOB 
growth when influent ammonia concentration decreased in the late winter.  
 
Although AOB in filter influent were effectively removed by the pilot-scale biofilters for 
most of the operation, shedding from the biofilters periodically served as the primary 
source of the AOB in the filter effluent. Substantially higher concentrations of AOB in the 
filter effluent compared to influent were only observed in the winter months (i.e., January 
to March), when the AOB was doing well in the biofilters (Fig. 5-3). At the same time, the 
AOB communities in the filter effluent were largely impacted by the biofilters (Fig. 5-4). 
The biofilters also marginally impacted the ammonia oxidizing bacterial communities in 
the filter effluent during other period of the operation (Fig. 5-4 and E-9) Taken as a whole, 
these results suggest that the biofilters were removing and shedding AOB at the same time, 
and the impact of biofilter shedding was related to the AOB abundance in the biofilters. 
Previous studies suggested that AOB in the distribution system can cause disinfectant (i.e., 
chloramine) decay and bacterial regrowth [16, 17]. It is unclear, however, whether the AOB 
in the filter effluent are able to survive disinfection and then enter the distribution system.  
 
The comparison between the qPCR and DNA sequencing results provided valuable 
assessment of the potential biases in qPCR-based assays. Our results suggest that even 
though the qPCR results of amoA-AOB genes provided good assessment of Nitrosomonas, 




especially for samples with a relatively high abundance of uncultured Nitrosomonadaceae 
(i.e., most full-scale biofilter media samples; Fig. E-7). One possible explanation is that the 
sequences of the amoA genes in uncultured Nitrosomonadaceae differ from those in N. 
oligotropha. This would not be surprising as the primers were designed to target the amoA 
gene in N. oligotropha [127]. Another possibility is that these uncultured 
Nitrosomonadaceae do not possess the capability for ammonia oxidation (i.e., no amoA 
genes), even though they are phylogenically similar to well-known AOB (e.g., 
Nitrosomonas). The latter explanation is further supported by the lack of a correlation 
between uncultured Nitrosomonadaceae abundance and biofilter influent ammonia 
concentration in the pilot-scale experiments. It’s important to note that the sequencing-
based quantitative results in this study could also be biased by differences in DNA 
extraction efficiency, sequencing depth, and/or sequencing accuracy between samples 
[141, 142]. More research is needed to determine the viability of the amoA gene qPCR-
based assay in quantifying AOB and the roles of these uncultured Nitrosomonadaceae in 
microbial nitrification in drinking water treatment biofilters. 
 
The NOB/AOB ratios generally exceeded the theoretical ratio for a conventional two step 
nitrification, which agreed to many previous observations in nitrifying bioreactors and 
biofilters [13, 127, 143, 144]. One possible explanation is that AOA in the biofilters were 
oxidizing ammonia and providing some of the nitrite for the NOB. This was likely not the 
case because AOA were generally in much lower abundance than AOB in most full-scale 




the biofilters were comammox Nitrospira spp. [122, 123]. Also, Nitrospira may not be 
strictly autotrophic as some can utilize simple organic substrates, such as pyruvate and 
formate, for carbon assimilation and potential as energy sources for growth and other 
activities [145, 146]. Thus, at least some NOB in biofilters may not rely on ammonia 
oxidizers to provide nitrite as electron donor. This is also supported by investigating the 
NOB abundance in our pilot-scale investigation (Fig. E-10), which did not correlate with 
influent ammonia concentration. Recent studies also demonstrated that the NOB/AOB 
ratios were lower than the theoretical ratio in chloraminated drinking water distribution 
systems due to the oxidation of nitrite by chloramine [112], suggesting that the presence of 
oxidative chemicals may also affect the NOB/AOB ratios. Regardless, additional research 
is needed to explain the relationships and roles of AOB and NOB in microbial nitrification.  
 
In conclusion, this study provides a comprehensive understanding of nitrifying 
microorganisms in biofilters. N. oligotropha-like AOB were generally more abundant than 
AOA in the biofilters and increased with influent ammonia concentration. Biofilters were 
capable of removing and shedding AOB at the same time. Shedding from the biofilters 
served as the primary source of the AOB and largely impacted AOB community 
composition in the filter effluent primarily when the AOB abundance was high in the 
biofilters. For samples with a relatively high abundance of uncultured Nitrosomonadaceae 
(i.e., most full-scale biofilter media samples), the qPCR assay targeting amoA-AOB gene 
seriously underestimated the abundance of bacteria currently known as AOB. The 




to due to presence of comammox bacteria and the mixotrophic lifestyle of some NOB. 
More research is needed to determine the roles of uncultured Nitrosomonadaceae and 
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The results in this work provide a comprehensive understanding of CECs removal and the 
microbiome in water treatment biofilters. The primary conclusions of this work are 
summarized in seven points: 
 
GAC-sand biofilters provided better CECs removal than conventional anthracite-
sand biofilters due to dual function of adsorption and biodegradation, and adsorption 
was the dominant removal mechanism for most CECs [Chapter 2]. In conventional 
anthracite-sand biofilters, effective CECs removal (>50%) was only achieved for highly 
biodegradable CECs, like fluoxetine, and primarily at high temperatures (>20 oC). Thus, 
compound biodegradability and seasonal temperature changes will determine if and when 
conventional anthracite-sand biofilters are able to remove CECs. The GAC-sand biofilters, 
however, serve as a long-term, sustainable, and effective solution of treating multiple CECs 
simultaneously in drinking water treatment. Moderate to nearly complete CECs removal 
(mean removal ranged from 49.1±27.7% to 94.4±7.0% for each CEC) was observed in 
GAC-sand biofilters over a wide range of operational conditions. For most of the CECs 
tested in this work, adsorption to the GAC media was the dominant removal mechanism in 
the GAC-sand biofilters. Biodegradation can extend GAC bed life by reducing contaminant 





Operational conditions (hydraulic loading rate and throughput), water quality 
(temperature, and influent CECs and DOC concentration), and CECs properties 
(biodegradability and charge) significantly impact CECs removal in GAC-sand 
biofilters [Chapter 2]. The effects of these factors are explained by considering the dual 
function of adsorption and biodegradation in GAC-sand biofilters. The adsorption of CECs 
to GAC media benefits from a greater contact time (low loading rate), higher sorption 
driving force (high CECs concentration), and an enhanced electrostatic interaction between 
the positively charged CECs and negatively charged GAC surface. The adsorption 
capacities, however, decreased with throughput due to the usage of sorption sites. CECs 
had different biodegradabilities, and the biodegradation of CECs benefits from a greater 
contact time and higher bioactivity in the biofilters (higher temperature and influent DOC 
concentration). A multiple linear regression based empirical relationship considering all 
abovementioned parameters was developed in this work to predict CECs removal in the 
GAC-sand biofilters, showing good agreement with the experimental data. Caution must 
be exercised in applying such empirical models because they tend to be site-specific. These 
findings lead to several recommendations for drinking water treatment facilities in their 
biofilter operation, including maintaining as low a hydraulic loading rate as possible and 
periodic GAC media replacement or regeneration for better CECs removal. Also, 
additional treatment, such as advanced oxidation, may be needed to effectively remove 





Bacterial communities in biofilters were highly diverse, and shared similarity with 
other natural and engineered ecosystems [Chapter 3 and 4]. Bacterial communities in 
the biofilters were highly diverse (Shannon Index>5.3), regardless the source water quality 
and pre-filtration treatment procedures. The prominent classified genera in the biofilter 
microbiome, such as Limnohabitans, Flavobacterium, Nitrospira, and, Hydrogenophaga, 
are commonly found in freshwater environments, soil, and water distribution systems [68, 
73, 74, 112]. Human gut bacteria (e.g., Bacteroides [76]) and bacteria from genera that 
include opportunistic pathogens (e.g., Legionella and Mycobacterium [77]) were also 
detected in the biofilters as minor populations (<0.2% of the total community). As a part 
of the source-to-tap microbiome, the present of these bacteria in the biofilters may pose 
potential risks to drinking water safety and public health. More testing would be needed to 
determine whether these risky bacteria are able to survive subsequent disinfection and enter 
the distribution system. 
 
Water quality (temperature, pH, influent DOC, and ammonia concentration), bed 
depth, and engineering decisions (media type and backwash strategy) significantly 
impacted the microbiome in biofilters [Chapter 3, 4, and 5]. In the pilot-scale biofilters, 
the bacterial community exhibited temporal variation due to water quality changes over 
time and varied with depth. In the full-scale biofilters, inter-filter variations in the bacterial 
communities were at least in part due to differences in feed water quality. The abundance 
of AOB correlated positively with influent ammonia concentration in the pilot-scale 




vs. non-chloraminated) significantly affected the bacterial community in the pilot-scale 
biofilters, which provide potential methods of managing the biofilters microbiome. Despite 
the abovementioned factors, approximately 50% of the variance in the bacterial community 
was not explained, which could be attributed to other water quality parameters, such as 
DO, phosphate and nitrate, and upstream treatment processes. Future research should focus 
on the effects of these factors on the bacterial community in biofilters.  
 
The pilot-scale biofilters effectively removed biomass from the filter influent but only 
marginally impacted the bacterial community composition in the filter effluent 
[Chapter 3 and 5]. Although the bacterial communities in the filter effluent were relatively 
similar to those in the filter influent, there was a clear, albeit minor, impact of the biofilters 
on the bacterial communities in the filter effluent. Grouping bacteria based on their 
abundance and occupancy in different samples highlights the organism specific selection 
in collecting and shedding. ‘Influent specific’ bacteria were more likely to be captured by 
the biofilters than bacteria in other groups, whereas ‘media specific’ and ‘media-effluent 
shared’ populations were more likely to be shed from the biofilters. Shedding from the 
biofilters served as the primary source of AOB in the filter effluent primarily when the 
AOB concentration in the biofilters was high (> 7 log amoA-AOB gene copies/cm3 bed 
volume), suggesting that for certain bacteria, the impact of biofilter shedding was related 
to its abundance in the biofilters. These results point to the need for approaches to manage 




pathogens, and corrosion-inducing or odor-causing bacteria) in the finished water and 
drinking water distribution system. 
 
The microbiomes in full-scale biofilters across North America exhibited a significant 
distance-decay relationship [Chapter 4]. Distance-decay relationships are normally used 
to explain the biogeographic patterns of bacterial communities in natural ecosystems [93, 
103–105]. According to this relationship, community similarity decreases with geographic 
distance. This work answered an important ecological question, namely, whether such a 
relationship can be applied to ecosystems in an engineered system. The distance-decay 
relationship in the biofilters was significant, but weaker than in natural ecosystems, 
indicating that both ‘nature’ (i.e., source water quality and microbiome) and ‘nurture’ (i.e., 
engineering decisions) factors influenced the bacterial communities in biofilters.  
 
Nitrosomonas oligotropha-like AOB were generally more abundant than AOA in 
biofilters, and ratio of NOB to AOB generally exceeded the theoretical ratio for 
conventional two step nitrification [Chapter 5]. N. oligotropha-like AOB outnumbered 
AOA in most full-scale biofilters (12 of 14 biofilters) and in the pilot-scale biofilters over 
the entire course of the experiment. AOB in the biofilters were comprised primarily of 
uncultured populations in family Nitrosomonadaceae and genus Nitrosomonas. For 
samples with a high abundance of uncultured Nitrosomonadaceae (i.e., most full-scale 
biofilter media samples), the qPCR assay targeting N. oligotropha specific amoA-AOB 




NOB/AOB ratios exceeded the theoretical ratio for conventional two step nitrification (0.5) 
in most full-scale biofilters (12 of 14 biofilters) and in the pilot-scale biofilters for most of 
the operation. This was likely attributed to the presence of comammox bacteria (i.e., certain 
Nitrospira spp., [122, 123]) and the mixotrophic lifestyle of some NOB, which do not rely 
on nitrification to gain energy for growth. More research is needed to determine the roles 
of uncultured Nitrosomonadaceae and comammox Nitrospira in microbial nitrification in 
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Figure A- 1. Photo of the pumps for HCl and FeCl3 dosing in the pilot-scale biofiltration 







Figure A- 2. Photo of the flocculation tank, two settling tanks, feed tank and syringe pump 







Figure A- 3. Schematic diagram of the flocculation tank in the pilot-scale biofiltration 















Figure A- 5. Schematic diagram of the feed tank and the filter influent inlet in the pilot-






Figure A- 6. Photo of the CECs dosing and mix systems in the pilot-scale biofiltration 















Figure A- 8. Photo of the biofilter columns and turbidimeters for filter effluent turbidity 







Figure A- 9. Photo (A) and schematic diagram (B) of the biofilter column in the pilot-scale 







Figure A- 10. Photo of the sampling ports for GAC or anthracite media sample collection 













B-1. Liquid chromatography tandem mass spectrometry (LC-MS/MS)  
This method was adapted from Vanderford and Snyder (2006). A 0.5 mm × 150 mm 
ZORBAX SB-C18 column with 5 m particle size (Agilent Technologies) was used to 
separate the selected CECs. Two different gradient programs were used in LC: one for for 
ESI positive analytes (1) and another for ESI negative analytes (2) as described below. The 
gradient was comprised of a blend of 5 mM ammonium acetate in ultrapure water (A) and 
100% methanol (B) fed at a total flow rate of 20 L/min. 
(1) For atenolol, atrazine, carbamazepine, fluoxetine, metolachlor, sulfamethoxazole and 
tris (2-chlorethly) phosphate (ESI positive): 10% B held for 5 min, then gradually 
increased to 98% over 10 min and held at 98% for 10 min. 
(2) For gemfibrozil (ESI negative): started at 50% B, gradually increased to 98% over 2 
min and held at 98% for 7 min. 
 
The detailed MS/MS parameters for all selected CECs are summarized in Table S4. All 
compounds were monitored for the entire length of the run. The limit of detection (LOD) 
and limit of quantification (LOQ) were calculated by multiplying the standard deviation of 
analyte concentrations in triplicate method blanks by 3 and 10, respectively. These values 
are also listed in Table A-4. 
 
Calibration standards for LC-MS/MS were prepared in 0.1 mol/L carbonate buffered 
ultrapure water (pH 8.5) over a range of CECs concentration (0-4000 μg/L). 10 μg/L of 




The calibration curves were prepared by plotting the ratio of analyte to surrogate compound 
peak area as a function of analyte concentration. 
 
B-2. Batch sorption experiment 
A batch adsorption experiment was performed to evaluate the partitioning of all selected 
CECs to the activated carbon media. Pre-combusted amber glass bottles (500 mL) were 
filled with water (to avoid water-air partitioning) containing all selected CECs. Carbonate-
buffered (0.1 M) ultrapure water (pH 8.5) was prepared and spiked with CECs at a 
concentration of 2 mg/L each. Activated carbon (AC) media was added into the bottles at 
various dosages to initiate the adsorption experiment. The same type of activated carbon 
as in the pilot-scale columns was used in this batch experiment (Calgon F300) but was first 
ground and sieved (65 mesh). The activated carbon dosage range (0–312.5 mg AC/L) was 
targeted so as to sorb 10%-90% of all CECs in order to generate sorption isotherms. In 
additional experiments, the water was dosed with Mississippi River NOM (obtained from 
the International Humic Substances Society) to a concentration of 5 mg C/L to investigate 
the effect of natural organic matter (NOM) on sorption capacities. The bottles were agitated 
at 120 rpm (Orbit Shaker-3520, Lab-line Instruments, Inc. Melrose Park, IL) at room 
temperature (~20 oC) until the adsorption equilibrium was reached (72 hours). Preliminary 
experiments were used to establish the sorption kinetics to determine the appropriate 
incubation time. The amount of CECs adsorbed was determined by measuring the initial 





For the batch experiment, the higher concentration and a less complicated matrix permitted 
most CECs (except TCEP) to be quantified using a relatively simple high-performance 
liquid chromatography (HPLC) with ultraviolet–visible spectroscopy (UV-Vis). TCEP was 
quantified using LC-MS/MS as described above. 
 
For HPLC-UV-Vis, a 4.6mm × 150mm Ascentis RP Amide column with 5 m particle 
size (Supelco) was used to separate most CECs (except TCEP). A binary gradient 
consisting of 10 mM phosphate buffer in water with 10% (v/v) acetonitrile (A) and 100% 
acetonitrile (B) at a flow rate of 1 mL/min was used. The gradient program was as follows: 
10% A held for 5 min, then gradually increased to 90% in 10 min and held at 90% for 5 
min. The detection wavelength of UV-Vis was set at 220 nm.  
 
B-3. Explanation for the 𝑩𝑽 𝑪𝒊𝒏𝒇
⁄  term in the multiple linear regression analysis 
The value of 𝐵𝑉 𝐶𝑖𝑛𝑓
⁄  was used to represent 𝑞𝑐/𝑞𝑒  because 
𝐵𝑉
𝐶𝑖𝑛𝑓
⁄  can be considered 
proportional to 𝑞𝑐/𝑞𝑒  under the assumption that the difference between 
𝐶𝑒𝑓𝑓_𝐺𝐴𝐶  and 𝐶𝑒𝑓𝑓_𝐴𝑛𝑡ℎ is relatively constant:  
 
𝑞𝑐 =
∑ 𝑄[(𝐶𝑖𝑛𝑓 − 𝐶𝑒𝑓𝑓_𝐺𝐴𝐶) − (𝐶𝑖𝑛𝑓 − 𝐶𝑒𝑓𝑓_𝐴𝑛𝑡ℎ)]𝑡
𝑀𝐺𝐴𝐶
 
     = ∑
𝑄𝑡
𝑀𝐺𝐴𝐶





















, where 𝜌𝐺𝐴𝐶  is 
the GAC media apparent density (g/L). If assume  (𝐶𝑒𝑓𝑓_𝐴𝑛𝑡ℎ- 𝐶𝑒𝑓𝑓_𝐺𝐴𝐶)𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is constant 





The plots of  𝑞𝑐/𝑞𝑒 versus 
𝐵𝑉
𝐶𝑖𝑛𝑓
⁄  of all selected CECs are in Figure B-4. The correlation 
coefficients from linear regression analysis (with intercepts fixed as zero) ranged from 
0.985 to 0.997, suggesting that 𝐵𝑉 𝐶𝑖𝑛𝑓
⁄  was proportional to 𝑞𝑐/𝑞𝑒.  







Figure B- 1. ATP concentrations at the top layer of the pilot-scale GAC-sand and 
anthracite-sand biofilter media as a function of time. The dashed line represents the 







Figure B- 2. Mean DOC concentration in the filter influent (black), and filter effluent 
collected from the pilot-scale GAC-sand (blue) and anthracite-sand (green) biofilters. 






Figure B- 3. Comparison of predicted Ceff/Cinf  values in GAC-sand biofilters using 
AdDesignS software versus the observed values for: (A) Atenolol, (B) Atrazine, (C) 
Carbamazepine, (D) Fluoxetine, (E) Gemfibrozil, (F) Metolachlor, (G) Sulfamethoxazole, 
(H) TCEP. Solid lines represent the model predictions and the points represent the 





Figure B- 4. Plots of  𝑞𝑐/𝑞𝑒   versus 
𝐵𝑉
𝐶𝑖𝑛𝑓
⁄  for all selected CECs. The dashed lines 
represent the best fit linear regression lines (with intercept fixed at zero). The correlation 
coefficients (R2) of linear regressions for atenolol, atrazine, carbamazepine, fluoxetine, 
gemfibrozil, metolachlor, sulfamethoxazole, and TCEP are 0.997, 0.994, 0.997, 0.985, 





Table B- 1. Influent concentrations (mean  standard deviation) of all selected CECs. The 
schedule for different dosing is shown in Table 2-2. 
 
 Low Influent Concentration 
(ng/L) 
High Influent Concentration 
(ng/L) 
Atenolol 167.4±77.2 1400.8±569.7 
Atrazine 154.2±63.1 1380.5±468.8 
Carbamazepine 144.1±50.8 1567.4±623.5 
Fluoxetine 150.4±74.5 1296.7±468.8 
Gemfibrozil 203.0±119.5 1836.4±816.8 
Metolachlor 172.4±86.7 1633.1±837.2 
Sulfamethoxazole 184.0±75.0 1773.3±683.0 











Atenolol Sigma ≥98% (TLC) 
Atrazine Sigma analytical standard 
Carbamazepine Sigma ≥98% (HPLC) 




Gemfibrozil Sigma-Aldrich analytical standard 
Metolachlor Sigma-Aldrich analytical standard 
Sulfamethoxazole Sigma-Aldrich analytical standard 
TCEP Sigma-Aldrich analytical standard 
Atenolol-d7 C/D/N Isotope, Inc ≥98% 
Atrazine-d5 C/D/N Isotope, Inc ≥98% 
Carbamazepine-d10 Cambridge Isotope 
Laboratories, Inc ≥98% 
Fluoxetine-d5 C/D/N Isotope, Inc ≥98% 
Gemfibrozil-d6 Toronto Research 
Chemicals ≥98% 
Metolachlor-13C6 Cambridge Isotope 
Laboratories, Inc ≥98% 
Sulfamethoxazole-d4 Toronto Research 
Chemicals ≥98% 
TCEP-d12 Cambridge Isotope 




Table B- 3. Isotherm (Langmuir) parameters (mean ± standard error) for all selected CECs 
obtained from fitting the batch test results for the following conditions: room temperature, 









Atenolol 94.5±192.7 0.028±0.002 2.65 0.55 
Atrazine 84.7±29.6 0.022±0.001 1.86 0.97 
Carbamazepine 79.1±147.9 0.035±0.002 2.77 0.69 
Fluoxetine 45.3±36.4 0.075±0.005 3.40 0.88 
Gemfibrozil 431.0±113.4 0.043±0.002 18.53 0.88 
Metolachlor 32.8±17.1 0.062±0.006 2.04 0.78 
Sulfamethoxazole 141.9±64.0 0.018±0.001 2.56 0.55 




Table B- 4. Compound-dependent parameters for LC-MS/MS analysis. 
 













Atenolol 12.13 267.1 145.1 27 0.10 0.30 
Atrazine 16.98 216.2 174.1 16 0.50 1.80 
Carbamazepine 16.52 237.4 194 20 0.03 0.12 
Fluoxetine 21.71 310.1 148.2 9 0.15 0.50 
Gemfibrozil 4.98 249.1 121.1 -13 0.86 2.86 
Metolachlor 18.33 284.0 175.5 25 0.26 0.86 
Sulfamethoxazole 12.35 254.3 156 25 0.10 0.34 
TCEP 16.05 284.9 125.1 20 1.46 4.86 
Atenolol-d7 12.04 274.2 145 26   
Atrazine-d5 16.92 221.2 179 16   
Carbamazepine-d10 16.47 247.4 204 20   
Fluoxetine-d5 21.66 315.1 153.2 9   
Gemfibrozil-d6 4.96 255.1 121.1 -13   
Metolachlor-13C6 18.39 290.0 181.5 25   
Sulfamethoxazole-d4 12.30 258.3 160 25   













Figure C- 1. Temperature (black dashed line), DOC concentration (red line), and total 
ammonia concentration (blue line) in filter influent. Method detection limits for DOC and 












































































Figure C- 2. Mean 16S rRNA gene concentration at four difference depth of the pilot-scale 
GAC-sand (A, column #1-3) and anthracite-sand biofilters (B, column #4-6).  
  


























































Figure C- 3. Mean 16S rRNA gene concentration in the filter influent (black), and filter 
effluent collected from the pilot-scale GAC-sand biofilters (blue; column #1-3) and 
anthracite-sand biofilters (green; column #4-6). Error bars represent one standard 















































Figure C- 4. The relationships between ASV mean relative abundance and occupancy in 
media samples (A-C), filter influent samples (D-F) and filter effluent samples (G) collected 







Figure C- 5. The first principal coordinates in the PCoA plots (Fig. 3-4) for the media 
samples collected the pilot-scale biofilters from 07/27/2015 to 07/28/2016. Red dashed 













































Figure C- 6. Pearson’s correlations between ASV relative abundance in GAC media 
samples collected from the pilot-scale GAC-sand biofilters (column #1-3) and temperature 
(A), influent DOC concentration (B) and influent ammonia concentration (C). Only core 
ASVs with statistically significant correlations (Padjusted < 0.05, Pearson’s correlation, 
Bonferroni correction) are listed here. X-axis is the Pearson’s correlation coefficient. Y-
axis is the taxonomic assignment of the ASVs. Color represents the Phylum of the ASV. 
The size of each dot represents the relative abundance.  

























































































Figure C- 7. Pearson’s correlation between ASV relative abundance in Anthracite media 
samples collected from column #4-6 and temperature (A), influent DOC concentration (B) 
and influent ammonia concentration (C). Only Core ASVs with statistically significant 
correlations (Padjusted < 0.05, Pearson’s correlation, Bonferroni correction) are listed here. 
X-axis is the Pearson’s correlation coefficient. Y-axis is the taxonomic assignment of the 
ASVs. Color represents the Phylum of the ASV. The size of each dot represents the 
relative abundance.  






























































































Figure C- 8. Pearson’s correlation between ASV relative abundance in GAC media 
samples collected from the pilot-scale GAC-sand biofilters (column #7 and 8) and 
temperature (A), influent DOC concentration (B) and influent ammonia concentration (C). 
Only Core ASVs with statistically significant correlations (Padjusted < 0.05, Pearson’s 
correlation, Bonferroni correction) are listed here. X-axis is the Pearson’s correlation 
coefficient. Y-axis is the taxonomic assignment of the ASVs. Color represents the Phylum 
of the ASV. The size of each dot represents the relative abundance.   






























































Figure C- 9. PCoA plots based on weighted UniFrac distance showing the effect of media 
type and CECs addition on the bacterial community in the pilot-scale biofilters. Different 
color represents the sampling date. 
 


































































































































 Column #1-3 
         (GAC w/ CECs)
 Column #4-6 
         (Anthracite w/ CECs)
 Column #7&8 


































































































































































































































































































Figure C- 10. Differential abundance analysis of the ASV relative abundance on GAC 
media samples compared to anthracite media samples collected from the pilot-scale 
biofilters. Core ASVs with significant difference (Pwalt_adjusted<0.05) are grouped by genera 
in Y-axis. Color represents the Phylum of the ASV. The size of each dot represents the 
relative abundance.  
  

















































































Figure C- 11. Differential abundance analysis of the ASV relative abundance in GAC 
media collected from the pilot-scale GAC-sand biofilters with continuous CECs addition 
(column #1-3) compared to those without continuous CECs addition (column #7&8). Core 
ASVs with significant difference (Pwalt_adjusted<0.05) are grouped by genera in Y-axis. Color 












































Figure C- 12. Differential abundance analysis of the ASVs relative abundance in the 
media samples collected from 08/15 to 01/16 (chloraminated backwash) compared to 
those collected from 08/16 to 01/17 (non-chloraminated backwash) in the pilot-scale 
biofilters. Core ASVs with significant difference (Pwalt_adjusted<0.05) are grouped by genera 
in Y-axis. Color represents the Phylum of the ASV. The size of each dot represents the 









































































































Figure C- 13. Weighted UniFrac distance of the bacterial community in filter influent, filter 
media, and filter effluent samples collected from the pilot-scale GAC-sand (A, column #1-
3) and anthracite-sand biofilters (B, column #4-6). The error bars represent the standard 

























































Figure C- 14. The mean relative abundance of all core ASVs in filter media (black), filter influent (blue) and filter effluent (green) 
samples that collected from the pilot-scale anthracite-sand biofilters (column #4-6). The ASVs are grouped as media specific (A), 
influent specific (B), effluent specific (C), influent-media shared (D), effluent-media shared (E), influent-effluent shared (F), and media-
influent-effluent shared (G). The ASVs are grouped by genera in Y-axis.  







































































































































































































Figure C- 15. The mean relative abundance of all core ‘media-influent-effluent shared’ ASVs in filter media (black), filter influent (blue) 
and filter effluent (green) samples that collected from the pilot-scale GAC-sand (column #1-3) biofilters. The ASVs are grouped as 
media specific (A), influent specific (B), effluent specific (C), influent-media shared (D), effluent-media shared (E), influent-effluent 
shared (F), and media-influent-effluent shared (G). The ASVs are grouped by genera in Y-axis.


































































































































































































Table C- 1. Information of primer sequences and gBlock standards for 16S rRNA gene. 
 














Table C- 2. Shannon index (Mean ± S.D., triplicate samples) for bacterial communities in 
media samples collected from top layer of the pilot-scale biofilters (GAC-sand biofilters: 
column #1-3; anthracite-sand biofilters: column #4-6) as measured by Illumina HiSeq 
analysis of 16S rRNA gene V3 region. (Sequence libraries were randomly trimmed down 
to 100,000 sequences per profile) 
 
Date GAC Anthracite 
7/27/2015 7.02±0.09 7.38±0.04 
8/28/2015 7.89±0.07 7.40±0.14 
10/9/2015 8.21±0.09 7.80±0.09 
11/16/2015 7.20±0.08 6.99±0.14 
12/29/2015 6.82±0.25 7.36±0.25 
2/9/2016 7.49±0.13 7.59±0.06 
3/30/2016 5.57±0.22 5.84±0.18 
5/4/2016 6.56±0.19 5.63±0.26 
5/25/2016 6.61±0.10 6.59±0.20 
6/23/2016 7.70±0.02 7.20±0.36 
7/28/2016 8.24±0.07 8.07±0.05 
8/31/2016 8.34±0.03 8.09±0.05 
9/28/2016 8.26±0.03 8.16±0.05 
10/26/2016 7.63±0.03 7.19±0.12 
12/7/2016 7.91±0.04 8.13±0.04 






Table C- 3. Shannon index (Mean ± S.D., triplicate samples) for bacterial communities in 
media samples collected from four different depth in the biofilters (GAC-sand biofilters: 
column #1-3; anthracite-sand biofilters: column #4-6) on 07/28/2016 and 09/28/2016, as 
measured by Illumina HiSeq analysis of 16S rRNA gene V3 region. (Sequence libraries 
were randomly trimmed down to 100,000 sequences per profile)  
 
 GAC Anthracite 
7/28/2016   
0 in. 8.24±0.07 8.07±0.05 
6 in. 7.92±0.13 7.92±0.13 
12 in. 7.54±0.27 7.54±0.27 
18 in. 6.91±0.67 6.44±0.46 
9/28/2016   
0 in. 8.26±0.03 8.16±0.05 
6 in. 7.83±0.10 8.61±0.09 
12 in. 8.00±0.39 7.87±0.56 






Table C- 4. Shannon index (Mean ± S.D. (sample number)) for bacterial communities in 
the water samples collected from the pilot-scale biofilters as measured by Illumina HiSeq 
analysis of 16S rRNA gene V3 region. (Shannon index values for the samples with less 
than 100,000 high quality sequencing reads were not calculated).  
 




10/9/2015 6.25±0.04(3) 6.94±0.00(1) 6.21±0.00(1) 
12/29/2015 6.97±0.22(2) 6.73±0.06(2) 6.74±0.05(3) 
2/9/2016 6.85±0.06(3) 6.79±0.05(3) 6.81±0.09(2) 
3/30/2016 7.46±0.08(3) 7.22±0.05(3) 6.44±0.18(3) 
5/4/2016 7.07±0.06(3) 6.82±0.14(3) 6.62±0.12(3) 
5/25/2016 6.94±0.14(3) 6.83±0.18(3) 7.06±0.05(3) 
6/23/2016 6.33±0.32(3) 6.17±0.33(3) 6.04±0.13(2) 
7/28/2016 7.39±0.15(3) 6.46±0.20(3) 6.21±0.02(3) 
8/31/2016 6.97±0.27(3) 7.06±0.15(3) 7.11±0.14(3) 
9/28/2016 7.11±0.08(3) 7.07±0.02(3) 6.73±0.11(3) 
10/26/2016 6.53±0.12(3) 6.27±0.00(1) 5.99±0.25(2) 
12/7/2016 7.50±0.39(3) 7.50±0.05(3) 7.16±0.13(3) 





Table C- 5. Results from PERMANOVA tests (adonis) employed to test effect of 
temperature, DOC and ammonia on the bacterial community on the GAC and anthracite 
media samples collected from the pilot-scale biofilters. 
 
 R2adonis Padonis Pbetadisper 
GAC    
Temperature 0.249 0.001 0.001 
DOC 0.055 0.049 0.923 
Ammonia 0.065 0.024 0.001 
Residual 0.631   
Anthracite    
Temperature 0.271 0.001 0.001 
DOC 0.079 0.003 0.855 
Ammonia 0.113 0.004 0.255 





Table C- 6. Results from PERMANOVA tests (adonis) employed to test statistically significant difference of microbial communities 
between the pilot-scale GAC-sand and anthracite-sand biofilters. 
 Pairwise adonis  Pairwise betadisper 
R2adonis Padonis Padonis_adjusted  Pwilcoxon Pwilcoxon_adjusted 
GAC vs. anthracite (all samples) 0.092 0.001   0.247  
GAC vs. anthracite  
(each sampling date)    
 
  
7/27/2015 0.728 0.140 0.171  1.000 1.000 
8/28/2015 0.528 0.080 0.171  0.800 1.000 
10/9/2015 0.788 0.100 0.171  0.800 1.000 
11/16/2015 0.504 0.110 0.171  1.000 1.000 
12/29/2015 0.370 0.100 0.171  1.000 1.000 
2/9/2016 0.836 0.060 0.171  1.000 1.000 
3/30/2016 0.931 0.090 0.171  1.000 1.000 
5/4/2016 0.755 0.090 0.171  1.000 1.000 
5/25/2016 0.711 0.130 0.171  1.000 1.000 
6/23/2016 0.478 0.150 0.171  1.000 1.000 
7/28/2016 0.819 0.170 0.181  1.000 1.000 
8/31/2016 0.902 0.120 0.171  0.667 1.000 
9/28/2016 0.309 0.310 0.310  1.000 1.000 
10/26/2016 0.893 0.100 0.171  1.000 1.000 
12/7/2016 0.617 0.110 0.171  1.000 1.000 




Table C- 7. Results from PERMANOVA tests (adonis) employed to test statistically significant difference of microbial communities in 
the pilot-scale GAC-sand biofilters with and without continuous CECs addition. 
 Pairwise adonis  Pairwise betadisper 
R2adonis padonis padonis_adjusted  pwilcoxon pwilcoxon_adjusted 
GAC w/ CECs vs. GAC w/o CECs (all 
samples) 0.004 0.879  
 
1.000  
GAC w/ CECs vs. GAC w/o CECs 
(each sampling date)    
 
  
7/27/2015 0.306 0.310 0.495  1.000 1.000 
8/28/2015 0.522 0.190 0.471  0.800 1.000 
10/9/2015 0.211 0.500 0.600  0.800 1.000 
11/16/2015 0.492 0.200 0.471  1.000 1.000 
12/29/2015 0.227 0.580 0.600  1.000 1.000 
2/9/2016 0.312 0.320 0.495  1.000 1.000 
3/30/2016 0.931 0.090 0.471  1.000 1.000 
5/4/2016 0.185 0.520 0.600  1.000 1.000 
5/25/2016       
6/23/2016 0.481 0.100 0.471  1.000 1.000 
7/28/2016 0.444 0.220 0.471  1.000 1.000 
8/31/2016 0.439 0.190 0.471  0.800 1.000 
9/28/2016 0.164 0.600 0.600  1.000 1.000 
10/26/2016 0.352 0.220 0.471  1.000 1.000 
12/7/2016 0.321 0.410 0.559  1.000 1.000 




Table C- 8. Results from PERMANOVA tests (adonis) employed to test statistically significant difference of microbial communities in 
media samples collected from four different depth (0 in., 6 in., 12 in., and 18 in.) in the pilot-scale GAC-sand (column #1-3) and 
anthracite-sand (column #4-6) biofilters. 
Pairwise Comparison Pairwise adonis  Pairwise betadisper 
R2adonis Padonis Padonis_adjusted  Pwilcoxon Pwilcoxon_adjusted 
GAC-sand biofilters       
0" vs. 6 " 0.899 0.002 0.004  0.729 0.787 
0" vs 12"  0.821 0.002 0.004  0.170 0.509 
0" vs. 18" 0.629 0.001 0.004  0.514 0.771 
6" vs. 12" 0.369 0.008 0.010  0.170 0.509 
6" vs. 18" 0.585 0.005 0.008  0.302 0.603 
12" vs. 18" 0.334 0.042 0.042  0.787 0.787 
Anthracite-sand biofilters       
0" vs. 6 " 0.819 0.006 0.012  0.964 0.989 
0" vs 12"  0.837 0.001 0.006  0.514 0.989 
0" vs. 18" 0.712 0.004 0.012  0.514 0.989 
6" vs. 12" 0.092 0.357 0.357  0.471 0.989 
6" vs. 18" 0.186 0.156 0.234  0.729 0.989 






Table C- 9. Results from PERMANOVA tests (adonis) employed to test statistically significant difference in the bacterial communities 
in filter influent, filter media, and filter effluent collected from the pilot-scale GAC-sand (column #1-3) and anthracite-sand (column #4-
6) biofilters. 
 
Pairwise Comparison Pairwise adonis  Pairwise betadisper 
R2adonis padonis padonis_ 
adjusted 
 pwilcoxon pwilcoxon_ 
adjusted 
GAC media vs. GAC Influent 0.600 0.001 0.002  0.038 0.153 
GAC media vs. GAC effluent 0.510 0.001 0.002  1.000 1.000 
GAC Influent vs. GAC effluent 0.022 0.178 0.203  0.216 0.395 
Anthracite media vs. Anthracite influent 0.427 0.001 0.002  0.005 0.038 
Anthracite media vs. Anthracite effluent 0.311 0.001 0.002  0.465 0.620 











Figure D- 1. Relative abundance (in sequences per 100,000 reads) of Legionella-like ASV 
(A) and Mycobacterium-like ASV (B) on the full-scale biofilter media samples according 











































































Table D- 1. Contribution of 26 most abundant genera to the microbial community 
composition in the full-scale biofilters. The abundant genera are those that comprised 
greater than 5% of total sequences in at least 3 of 57 samples in total that were collected 
in this investigation. 
 
Genera Mean relative 
abundance  
# of samples with 
abundance > 5% 
# of samples 
with detection 
(Unknown) Comamonadaceae 6.60% 25 56 
(Unknown) Sphingomonadales 5.43% 23 57 
Bradyrhizobium 3.71% 16 56 
(Unknown) Blastocatellaceae 3.56% 16 57 
Nitrospira 2.81% 8 56 
Hydrogenophaga 2.68% 6 40 
(Uncultured) Deinococcaceae 2.48% 4 57 
Leptothrix 2.26% 6 45 
(Unknown) Hyphomicrobiaceae 2.12% 9 56 
(Unknown) Rhodobacteraceae 1.96% 8 45 
Acidovorax 1.87% 9 7 
(Uncultured) Acetobacteraceae 1.82% 3 57 
(Uncultured) Alcaligenaceae 1.51% 4 50 
Blastocatella 1.39% 3 29 
Hyphomicrobium 1.30% 3 28 
Terrimonas 1.29% 5 42 
(Unknown) Acetobacteraceae 1.29% 5 56 
Bryobacter 1.25% 3 51 
(Uncultured)Saprospiraceae 1.24% 3 56 
(Unknown) Gallionellaceae 1.19% 6 26 
(Uncultured) Methylobacteriaceae 1.13% 3 35 
(Unknown) Betaproteobacteria 0.91% 4 9 
Bdellovibrio 0.82% 4 11 
(Unknown) Betaproteobacteria TRA3-20 0.59% 3 12 
Silanimonas 0.44% 3 56 






Table D- 2. Results from Mantel’s tests employed to test correlations between geographic 
distance and water quality parameters (pH, temperature, and influent DOC concentration). 
 
 Rmantel Pmantel 
pH 0.206 0.002 
Temperature 0.107 0.001 












Figure E- 1. Concentrations of ammonia(A), nitrite (B) and nitrate (C) in the water samples 


















































Influent water Effluent water:GAC-sand biofilters
Effluent water:Anthracite-sand biofilters


























































Figure E- 2. Ammonia removal in the pilot-scale GAC-sand and anthracite-sand biofilters. 




















































Figure E- 3. Ratio of amoA gene concentration to 16S rRNA gene concentration on the 
full-scale biofilter media samples. X-axis is the biofilter ID. Open symbol indicates that the 
amoA gene concentration is below the CL.  
 
  

































Figure E- 4. Ratio of amoA gene concentration to 16S rRNA gene concentration on media 
samples collected from pilot-scale GAC-sand (blue solid line) and anthracite-sand (green 
solid line) biofilters. Red dashed line represents the water temperature. Black dashed line 
represents the influent ammonia concentration. All gene concentrations are above 









































 amoA-AOB (GAC-sand biofilters)











































Figure E- 5. amoA-AOB gene concentration on media samples collected from four 
different depth (tap layer, 0.15 m, 0.30 m, and 0.45 m) in the pilot-scale GAC-sand (A) 
and anthracite-sand (B) biofilters. Different color represents the sampling date. 
  





















































Figure E- 6. amoA-AOA gene concentration on media samples collected the top layer of 
the pilot-scale GAC-sand (blue) and anthracite-sand (green) biofilters. Open symbol 

































































Figure E- 7. Relative contributions of known AOB-like ASVs in the pilot-scale GAC-sand 


































































Figure E- 8. Concentrations of Nitrosomonas-like (black) and uncultured Nitrosomona-
daceae-like (red) ASV in GAC and anthracite media samples collected from the pilot-scale 
biofilters. The red dashed line represents the water temperature. The blue dashed line 
represents the total ammonia concentration in the filter influent. The error bars represent 























































































































Figure E- 9. Bray-Curtis similarity in ammonia oxidizing bacterial communities between 
filter influent, filter media and filter effluent collected from the pilot-scale GAC-sand (A) 




























































Figure E- 10. Concentrations of NOB-like ASV in the full-scale biofilters (A) the pilot-scale 
biofilters (B). X-axis in A is the biofilter ID. The error bars in B represent the standard 
deviation computed from triplicate samples. 
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Table E- 1. Information of primer sequences and gBlock standards for amoA-AOB gene 
and amoA-AOA gene in the qPCR assay. 
 


























ATA GAG CCT CAA GTA GGA 
AAG TTC TA  
 
R: 
CCA AGC GGC CAT CCA GCT 
GTA TGT CC  
 
